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TRENDS AND DEVELOPMENTS IN VERTEBRATE PALEONTOLOGY 
BY CHAS. L. CAMP 


(Address as Retiring President of Society of Vertebrate Paleontology) 
The history of science shows the progress of thinking—from the naive and mystical 


to the more sensible, demonstrable, and truthful—sometimes stumbling and falling 


back from advanced early views, but in general penetrating toward the ever-elusive 
truth. 

So it has been with paleontology. Nebulous and fanciful theories concerning the 
nature of fossils have gradually given way under the onslaughts of more enlightened 
and more fully tested views. The course of thought has been tortuous, painfully 
slow, and even stagnant for long periods—and we still have far to go in education as 
well as research. 

Fossils were venerated in the distant past. Primitive folk today still place them 
in their shrines and embalm them in legends. But the true meaning of fossils is not 
widely understood or accepted. Twenty-five hundred years ago the druids of France 


~ told Pythagoras that fossil sea urchins were the eggs of serpents. Some French 


peasants still believe this. 

To the Fundamentalists, fossils are still considered as relicts of a universal deluge. 
The Chinese use them for medicine, the way some of us use patent panaceas. This 
was still being done in England less than 300 years ago. Many persons regard fossils 
simply as curiosities to be displayed on the mantlepiece or ina museum. Some few 
still regard them, as did the Schoolmen of the middle ages, as evidence of a “plastic 
force” generated in the rocks. 

The realization that fossils are documents which record the history of the earth was 
faintly recognized by the ancient Greeks. But the principle was lost for ages, to 
be rediscovered during the Renaissance by Leonardo da Vinci. Again it was lost, 
or submerged in theological notions, until the birth of modern science at the turn of 
the eighteenth century. 

The idea that fossils represent extinct organisms has been accepted only within 
the last 150 years or so. The important use of fossils in dating and comparing the 
strata of the earth’s crust dates back less than 150 years. 

The present view that fossils illustrate the course of evolution and demonstrate 
the descent of modern forms from very different ancestry has achieved moderate 
popular acceptance and general scientific agreement. 

So the flame of progress was lit by the Greeks, and again by the Italians, who 
studied marine shells embedded in highland rocks and suggested that these rocks were 
formed beneath the sea. After the arguments and distortions of the Deluge theory 
came the first proofs of occurrence of extinct plants and animals—by G. A. Suckow 
(1784) and Cuvier (1796). Then came the use of fossils in determining the orderly 
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succession of rocks (William Smith, 1799). Finally since Darwin (1859) fossils have 
been studied as evidence of the theory of evolution. Despite the overwhelming evi- 
dence, and extraordinary efforts toward education, probably only a small fraction of 
the earth’s population today has any real knowledge of the history of life. 

The first chapter of American paleontology opens with sporadic discoveries in 
Mexico, Kentucky, New Jersey, Virginia, and finally in the great fossil beds at the 
base of the Rockies and along the West Coast. Joseph Leidy whose long period of 
activity extended from 1847 to 1891 was the first to bring descriptive order into the 
early material from the plains and the Rockies. He avoided discussion of theory, 
although as early as 1847 he believed in evolution and in 1872 he extended this concept 
to the origin of man. 

Cope and Marsh followed upon Leidy’s footsteps in the western field and engaged 
feverishly in competitive collecting. Cope was a prodigious genius of great breadth 
and insight. But much of his writing was marred by haste and faulty theory. He 
was one of the last of the Lamarkians, and, like so many paleontologists, his theories 
have not endured. Marsh was a more plodding intellect. His superb collections 
formed the basis for important phylogenetic demonstrations, especially his series of 
American equids—an improvement upon Kovalevsky’s pioneer work and used effec- 
tively by T. H. Huxley in supporting Darwin. 

The second “generation,” H. F. Osborn, E. B. Scott, E. H. Barbour, S. W. Willis- 
ton, and others, developed the pioneer field with more skillful collecting methods and 
closer attention to stratigraphy. They stimulated the development of great museum 
exhibits in paleontology. They also encouraged the development of new collecting 
fields especially in Mongolia and Patagonia. 

The recognition of fossils as indicators of past climates was suggested by Robert 
Hooke in 1705, elaborated by Lyell in 1830, and reached a high spot in W. D. Mat- 
thew’s famous essay of 1915, in which climatic cycles and paleogeography were dis- 
cussed particularly in relation to mammalian distribution and evolution. We are 
now reaching a point where past continental connections and imaginary continents 
should be reviewed in the light of new discoveries of Mesozoic reptiles and am- 
phibians. 

Vertebrate fossils in stratigraphy have of course been overshadowed by the more 
abundant invertebrate evidence. Lartet (1863) was a pioneer in the vertebrate field, 
and the vertebrates are coming to be of increasing importance in the dating and map- 
ping of continental deposits as the faunas become better known and more accurately 
recorded as to source and horizon. 

Identification of fragmentary fossils of lower vertebrates by histological means isa 
method still in its infancy. Pioneer work by J. S. Foote and especially by Walter 
Gross, and by Baron Nopsca in an extensive unpublished work on reptiles, has shown 
that the Haversian patterns and other microscopical details of bone structure differ 
considerably among fishes, amphibians, and the families of reptiles; and even among 
the genera within families of dinosaurs. More attention will be given to growth 
stages before this work can be conclusive. Variations in structure in different parts 
of the skeleton appear not to be a serious handicap. 

The use of fish scales in stratigraphic work has been lately receiving ..ome attention. 
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Fish otoliths (ear stones) in surpassing abundance and variety from the Tertiary are 
being treated systematically, especially by the English paleontologist, G. Allan Frost. 

Correlation problems and faunal investigation continue to receive a large share of 
attention, especially from the mammalogists. A more exact dating of the North 
American sequences has recently been attempted. One noteworthy achievement is 
Zeuner’s recent formulation of a detailed chronology for the European Pleistocene, 
and a second projected volume on the general subject of geochronology. His methods 
and syntheses will be of supreme interest to students of Pleistocene problems. 
Zeuner’s methods should contribute toward a solution of such perplexing questions as 
the dating of occurrences of fossil man. Success in such dating has been partially 
achieved in Europe and China, scarcely at all in the rest of the world. Studies on 
Alaskan ground ice by Taber is another useful approach to this series of Pleistocene 
problems. Faunal, distributional, ecological, and stratigraphic problems call for 
aid from other branches of science, especially invertebrate and micropaleontology, 
and paleobotany. Zeuner’s work has engaged co-operation in many fields. At the 
moment it seems difficult to correlate it with Piggot and Urry’s dating of 
submarine cores. 

Determination of local environments and habitats, by study of occurrences and 
analysis of rock matrices, has been a sound method of approach toward paleoecology. 
Productive results have come from re-examination of old sites, such as the Solnhofen 
lithographic limestone quarries. Conditions surrounding deposition of bones are 
certainly worthy of more analytical study than has been accorded. The mass of 
evidence available is not yet well organized. 

Ichnology, the description of tracks and trackways, is again showing signs of life 
after a long lapse. Lull, following Hitchcock in the Connecticut Valley Triassic, has 
furnished some interesting interpretations of dinosaur posture. Caster, with a fuller 
knowledge of invertebrate tracks, has rectified some old errors and mysteries. Othe- 
nio Abel and Wolfgang Soergel (1925) have shown the possibility of more exact deter- 
minations by their work on Chirotherium, and a stimulating insight into new possibili- 
ties of trackway studies will eventually be offered by Mr. Frank Peabody. 

Comparative and phylogenetic studies of mammalian dentition instigated by Owen, 
Cope, and Osborn and continued by W. K. Gregory, G. G. Simpson, and Anthony and 
Friant appear to have reached a culmination pending the discovery of more adequate 
material from the Mesozoic. An immediate question is the significance of multi- 
tuberculy in early mammals. Histological studies of tooth structure have been 
sporadic. Use of conodonts in the stratigraphy of the Ordovician, Devonian, and 
Mississippian has been developed extensively during the past 20 years. Yet despite 
considerable investigation the systematic position of the conodonts is still obscure. 
The Osborn elephant-enamel method of dating the Pleistocene has been a disappoint- 
ment. Studies of tooth succession, especially in mammal-like reptiles, may be due 
for considerable attention. Broili and Schréder have discovered a triple succession 
in a gorgonopsid, and F. R. Parrington has described a mammalian type of succession 
in advanced cynodonts. 

The study of the evolution of body mechanisms, particularly musculo-skeletal 
mechanics, and the mechanics of body form have been carried on by W. K. Gregory, 
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D. M. S. Watson, A. S. Romer, and many others. The field of ligamentary mechan- 
ics is scarcely touched, and much information lies waiting. 

Paleoneurology, mainly the comparison of brain casts, has been organized into an 
interesting branch of comparative anatomy largely through the extensive researches 
of Tilly Edinger. A wealth.of information regarding the relationships of the more 
obscure groups of ostracoderms and ancient armored fishes has been obtained by the 
laborious dissections, microsections, and wax-plate reconstructions made by E. A, 
Stensié of Stockholm. Kaier, Heintz, Watson, and others have added notably to 
our knowledge of these early vertebrates. 

Paleo-ornithology has been advanced by the work of well-known specialists and 
especially by Lambrecht’s monumental treatise on the fossil birds. The classifica- 
tion of birds has been kept in revision by Alexander Wetmore, and that of mammals 
by George G. Simpson. Hopeful progress in reptile and amphibian classification and 
morphology is to be found in the studies by Williston, Broom, Broili, Huene, Watson, 
Romer, Olson, C. C. Young, Peyer, and others. New fields in the Upper Triassic of 
southern China and the Cenozoic of Colombia are especially promising. 

The history of fossil man has been greatly elucidated following the new Oriental 
and South African discoveries by Black, Broom, Weidenreich, Von Koenigswald, and 
Keith and McCown. Nevertheless the placing of these isolated remains into a phylo- 
genetic scheme is still far from satisfactory. Data from genetics are entering the 
picture with the recent critique by Dobzhansky. 

Simpson (1945) has made a notable contribution toward a synthesis of genetics and 
paleontology by statistical methods in his recent Tempo and mode in evolution, 
Simpson groups the results of evolution into three main categories which might be 
called: (1) subspeciation and speciation in the geographic sense; (2) adaptive differ- 
entiation (phylogenesis) at intermediate levels, in genera, families, and orders; and 
(3) profound modifications (quantum evolution) involving such major changes as the 
passage from fish to amphibian, and reptile to bird or mammal. 

Formulation of principles, theories, and “laws” of evolution goes on at an unabated 
rate. In addition to the expressions orthogenesis, senescence, and aristogenesis, we 
have for consideration such concepts as: 

(1) Dollo’s law of irreversibility—the high probability that complex structures 
once lost will not be produced again in their previous form 

(2) The theory of adaptive radiation—perceived by Darwin and Wallace and 
elaborated by Osborn 

(3) Williston’s law of reduction of dermal skull bones in tetrapods—except for 
the Wormian bones, and doubtfully the preparietal, reduction prevails during time, 
This principle apparently fails to apply among the fishes where the centers of dermal 
ossification are more variable, and much controversy over “homologies” still prevails. 

(4) Abel’s law of inertia 

(5) Rosa’s theory of “Hologenesis,” which may be recalled in Weidenreich’s 
theory of the relationships of early man 

(6) Sobolev’s law of regression and Sergeiev’s restatement of “‘regressibility” as an 
extension of Dollo’s law 

(7) Lloyd Morgan’s theory of emergence—the creation of wholly new organiza 
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tions, culminating in social organization, by recombination of pre-existing elements 
and their alteration in the new “whole”—a theory elaborated by W. M. Wheeler and 
much like General Smut’s ‘‘Holism” 

(8) Berg’s theory of ““Nomogenesis” (evolution according to law) which despite 
protestations appears to be a refined statement of orthogenesis—variation along set 
and orderly lines from unknown causes 

On the debit side is the calamitous destruction of collections in war-wrecked areas, 
as well as the serious loss of life and time by scientific workers. Greater support 
should now be given to vertebrate paleontology in this country, as it may be long 
before research can reach its previous high level in continental Europe. 
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ABSTRACT 


A method is presented for determining the grain-shape—optic-axis relationship 
of clastic quartz grains and for constructing three-dimensional grain-shape fabric 
diagrams from optic-axis fabric diagrams. 

Quartz grains from a channel sandstone and a shale were loosened and mounted 
so that the angle between the optic axis and physical dimension (maximum projec- 
tion area and longest dimension) of each grain could be measured on the universal 

Frequency-distribution curves of these angles indicate that clastic quartz 
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grains tend to be enlarged parallel to the unit rhombohedron and, to a lesser extent, 
to the prism. Because grain shape is of primary importance in interpreting fabric 
diagrams of sediments, optic-axis fabrics were measured from oriented thin sections 
/ adjacent to the source of loosened grains. These diagrams are converted into grain- 
shape diagrams by applying to the optic-axis maxima the relationship between the 
optic axis and grain shape 


Frequency-distribution curves of the spatial relationship between the optic axis ] in 
and grain shape are presented for the maximum projection area and the lon | 
dimension. Possible application of the method is suggested for sedimentary studies, 
stratigraphic correlation, and foundation investigation. ¥ 
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INTRODUCTION are 

GENERAL STATEMENT ma 

The minerals of a rock may have preferred orientation either of crystallographic ob 
elements or physical dimensions. The spatial relationship of the preferred orienta- a 


tion constitutes a fabric in which is reflected the history of a rock. In most rock- 
fabric diagrams, the measurements of orientation have been confined to crystallo- 
| graphic elements—1.e., the optic axis, poles to cleavage, and twinning planes. Meta- 
| morphic rocks have provided the most fertile field of petrofabric investigation 
because they have a high degree of mineral orientation. For those minerals with 
} facile cleavage, such as calcite, the grain is cleaved, if the lattice orientation of a 
grain is such that cleavage is the easiest relief from the force applied, or mechanically 
rotated until cleavage is possible. For the more resistant minerals, such as quartz, 
the shape and size and the degree of protection by other grains determine the re- 
sponse. This is frequently mechanical rotation of grain shape to a position of relief 
from the force applied. 

Sedimentary forces which may cause a preferred orientation of grain shape do not 
act upon all grains simultaneously. Each grain reaches its final position as an in- 
dividual, largely independent of the activity of surrounding grains, but the response 
of a single clastic grain to sedimentary forces is dependent in part on the shape or 

physical dimensions of the grain. This shape may be the result of crystallographic 
characteristics, original crystal growth, abrasion, or all three. The fabric of a clastic 
| sediment should, therefore, be expressed in terms of grain shape and not in crystallo § 7% 


for 


graphic terms. ares 

It has been the object of this investigation to develop a method for determining in to 

three dimensions the shape fabric of fine-grained clastic sediments. x 

THE PROBLEM shay 
| 

i The problem of determining a shape fabric in three dimensions presents several th 


; difficulties. If the grains are separated from the rock and mounted on a slide, the 
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shape and relation of shape to optic direction may be measured, but the relationship 
between grains will be lost. Crystallographic or optic directions may be measured 
in thin section, but only a two-dimensional] relationship of grain shape is preserved. 
The problem is to determine whether the shape of clastic quartz grains is statistically 
related to crystallographic or optic directions and, if such a relationship exists, to 
interpret the shape fabric from the crystallographic fabric. 

The preferred dimensional orientation of certain minerals can be determined from 
properly oriented thin sections, if the preference is pronounced and if the crystallo- 
graphic dimension is a well-developed physical dimension. Fabric diagrams of the 
pole to cleavage of mica are of this type. 


The specimens for this work were collected from the Pennsylvanian rocks of IIli- 
nois. Three came from a zone of unconformity in a chennel sandstone exposed in 
the north bank of the Sangamon River at U. S. Highway 66, center W.4,W.4NW.3 
sec.1, T. 16N., R. 5 W., Springfield quadrangle, Illinois. Below this unconformity 
are thick beds of cross-bedded sandstone. The strike of the cross-bedding is approxi- 
mately east-west, and within the beds the cross-bedding dips north. Immediately 
above the unconformity, layers of cross-bedded sandstone overlie a sandy transi- 
tional bed. Specimen 1 was collected from a bed (dip 7° N.) about 2 feet above the 
transitional bed; specimen 2 from the upper contact of the transitional zone (dip 
6° N.); and specimen 3 from the thick bed (dip 25° N.) several feet below the uncon- 
formity. 

These sandstones are composed of quartz grains, most of which measure between 
0.050 and 0.20 mm., and scattered flakes of mica, from 0.20 to0.50mm. The quartz 
grains are loosely cemented with a limonitic cement, and there is no evidence’ of 
secondary enlargement or silicification. 

Specimen 4 is a silty shale from near the top of the pit of the Alton Brick Company, 
North Alton, center SE.} sec. 35, T. 6N., R.10 W., Alton quadrangle, Illinois. Its 
quartz grains, which vary in size from submicroscopic to 0.1 mm., occur in stringers 
in a well-laminated shale the clay mineral of which is an illite. Only grains larger 
than 0.03 mm. (thickness of thin section) could be measured in thin section because 
smaller grains interfere optically with one another. 


FACTORS INFLUENCING GRAIN-SHAPE ORIENTATION 


Probably the most important physical dimensions of a grain are the longest and 
intermediate diameters, which define the plane that produces a maximum projection 
area (m.p.a.) (Krumbein, 1939, p. 677). Except in special geometric shapes, this 
area is unique and can be defined by the co-ordinates of the perpendicular (pole) 
to the plane from which it is projected. The long dimension and the m.p.a. of a 
grain define its shape, and, when these are determined with respect to similar physical 
dimensions of other grains the spatial relationship of the grains involved is the grain- 
shape fabric. 

The long dimension and, especially, the m.p.a. control the orientation of a grain 
being transported or settling in water. In general the grain is so oriented that the 
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force acting encounters the maximum difficulty in moving the grain. In stream cup. 
rents, when not affected by the channel surfaces, this position is such that the m.pa, 
lies near the direction of the current, and the longest dimension is near the horizontal 
so that a minimum area is available to the force of the current. During settling iy 
quiet water the m.p.a. is nearly horizontal so that the force of a maximum resistange 


area acts against gravity. 
GRAIN-SHAPE—OPTIC-AXIS RELATIONSHIP 


THE METHOD 


Grain measurement.—Thin sections, oriented in the north-south vertical plane at 
right angles to the strike, are cut from each specimen. Adjacent to the thin section, 
chips are taken from which the grains are loosened by boiling in dilute HCl. After 
rubbing to separate loosened grains, and repeated washing to remove clay, mica, 
and organic material, a representative sample obtained by quartering is allowed to 
fall onto a glass slide so that most of the grains come to rest with the pole to their 
m.p.a. nearly perpendicular to the slide. This simplifies the operation of the univer. 
sal stage. 

The slide is placed on the universal stage without a parallel-motion sledge, since 
the observations on any grain are complete and independent of those on any other 
grain. Each grain is centered, and the position of the optic axis, longest dimension, 
and pole to the plane of the maximum projection area are determined as follows, 
After locating and recording the position of the optic axis by the extinction method 
(Sander, 1930; Knopf and Ingerson, 1938, p. 266), the inner stage (A:) is rotated 
until the longest visible dimension is parallel to the micrometer scale along the east- 
west crosshair of the ocular. The east-west tilt axis (A2) is turned until the longest 
dimension is horizontal—+.e., in the plane of the microscope stage. The entire 
universal stage is then tilted on the north-south tilt axis (A,4) to check the long- 
dimension position. In this operation the quartz grain will rotate about its longest 
dimension if this dimension is parallel to the east-west crosshair and the microscope 
stage. 

Rotation about (A,) is continued until the largest cross section of the grain is 
perpendicular to the axis of the microscope. The angular co-ordinates of (A;) and 
(Az) define the position of the longest dimension, and the pole to the maximum pro 
jection area is defined by the co-ordinates of (A), (As), and (A,). 

Measurement of angles.—The data obtained for the position of the optic axis, the 
longest dimension, and the pole to the m.p.a. represent the points of emergence of 
three lines which intersect at the center of a sphere whose equatorial plane is the 
microscope stage. The angles between these three lines are: (1) the angle between 
the optic axis and the pole to the m.p.a., (2) the angle between the optic axis and the 
longest dimension, and (3) the angle between the pole to the m.p.a. and the longest 
dimension. Angle (3), by definition, is always 90°, because the longest dimension 
lies in the plane of the maximum projection area. These angles may be measured 
by plotting on the projection of a sphere the angular co-ordinates of the lines which 
define them. 
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The optic axis and the longest dimension are plotted in the usual manner on the 
lower hemisphere. The pole to the m.p.a. is similarly plotted, except that the read- 
ing on the north-south tilt axis (A,) is added in the indicated direction after (As) 
is located. Each point is labeled with the initial letter O, L, or A, as it is plotted. 


TABLE 1.—Frequency percentage of occurrence in the range bewteen two angles 


Degree Intervals 

Curve 

0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 
1A 1.03 2.07 2.85 3.65 8.00 | 30.80 | 12.20'| 18.40 | 21.00 
2A 3.07 4.12 5.14 10.15 | 12.12 | 21.60 | 13.70 | 13.35 | 16.25 
3A 3.20 5.10 8.70 10.50 | 14.70 | 21.80 7.50 | 14.90 | 13.60 
4A 2.20 3.30 6.80 9.60 | 10.10 | 21.90 | 12.90 | 17.20 | 15.00 
1L 0.60 1.70 6.50 10.40 8.80 | 18.80 | 15.60 | 15.40 | 22.40 
2L 1.20 3.20 4.30 5.40 | 12.90 | 11.40 | 23.00 | 15.70 | 23.20 
3L 0.80 1.60 2.60 6.80 | 11.30 | 16.40 | 15.70 | 26.00 | 17.80 
4L 2.10 1.90 2.20 6.30 | 12.20 | 15.20 | 20.40 | 17.80 | 22.20 


The plotted points are rotated about the center of the projection until two points 
lie on the same great circle. The angle formed by the lines which these points 
represent can be read directly in degrees along the great circle on which the two 
points lie. Because any two lines which intersect cannot be more than 90° from 
each other the complementary angle (180°-90°) is recorded if the angle read from the 
projection exceeds 90°. 

Curves relating physical to optical dimensions.—To eliminate overemphasis in the 
choice of group intervals, the angles from the grains of each specimen are tabulated 
according to the number of angles in each interval of 1° from 0° to 90°. The cumula- 
tive percentage of angles is plotted along the abscissa, the angles from 0 to 90° along 
the ordinate, and a smooth curve is drawn through these points. A frequency- 
distribution curve is constructed from the cumulative curve by the graphical dif- 
ferential slope method (Krumbein, 1934, p. 71). Frequency-distribution curves 
are essentially histograms in which the interval along the ordinate is infinitely small. 

The frequency percentage of occurrence in the range between any two angles is 
equal to the area under the curve between these angles divided by the total area 
under the curve multiplied by 100. In Figure 1, curve 1A for example, the percent- 
age of all grains falling between 50° and 60° is equal to the area bounded by DEFG 
divided by ADEBCFG multiplied by 100, or 30.8 per cent. Table 1 gives these 
percentages at 10-degree intervals for each curve. 

Frequency-distribution curves of the angles between the optic axis and the pole 
to the maximum projection area are given in Figure 1. Each curve has two peaks 
in similar ranges: (1) between 54° and 57°, and (2) between 79° and 82°. In curve 
2A there is a less prominent high point between 35° and 45°. A less pronounced 
shoulder is also present in 3A and 4A. 

The angle between the pole to the unit rhombohedron (1011) and the pole to the 
prism m (1010) for quartz is 38°13’. The angle between the trace of the ¢ axis 
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FIGuRE 1.—Frequency-distribution curves of the angle between the optic axis and the pole to the maximum 


on m and the pole to the unit rhombohedron is therefore 90°— 38°13’ = 51°47’. 
This angle agrees rather well with the range (54°-57°) under the first peak. 

The second peak, between 79° and 82°, represents an area which makes an angle 
with the pole to the prism (1010) of 8° to 11°. The nearest common face to this area 
is the prism. 
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Ficure 2.—Frequency-distribution curves of the angle between the optic axis and the longest dimension 


A third concentration, represented in curve 2A, is an area whose pole would make 
an angle between 45° and 55° with the pole to the prism. This may be the cumula- 
tive effect of several zones which tend to form a large cross section. 

The curves (Fig. 2) of the distribution of the angles between the optic axis and the 
longest dimension have three peaks: (1) between 35° and 55°, (2) between 60° and 
70°, and (3) between 75° and 90°. The last suggests a long dimension occurring 
frequently at right angles to the optic axis, which corresponds to the difficult basal 
cleavage sometimes observed in quartz. Probably the long dimension, between 35° 
and 50°, is related to the unit rhombohedron (38°). Perhaps the long dimensions 


| 
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at angles of 60°-70° to the optic axis are caused by the interference of several zones 
such as the s(1121) or the «(5161) rhombohedrons. 

The spatial position of the longest dimension of a grain frequently lies in a zone 
as much as 20° wide. When this is the case, the midpoint of the zone is selected to 
represent the longest dimension. The variation in the peaks of the curves in Figure 
2 is, therefore, within the limits of error of measurement. 

Griggs and Bell (1938, p. 1739) have presented experimental data on the effect 
of high pressures on quartz. They found that quartz tends to split into fragments 
elongated parallel to the prism, the base, and the unit rhombohedron. In their ex- 
periments, pressure was applied to cylinders of quartz at angles of 90°, 45°, 22.5°, 
and 0° to the optic axis. After the cylinders broke, the quartz fragments were ex- 
amined to determine the relationship between the longest dimension and the optic 
axis. Except when pressure had been applied perpendicular to or parallel with the 
optic axis, the angle observed frequently coincided with the angle between the optic 
axis and the unit rhombohedron. When the force was applied either parallel or 
perpendicular to the optic axis, the direction of application of force predominated. 
The unit rhombohedral position was well represented even under these conditions. 

Fragmentation in nature frequently involves forces similar in magnitude to those 
used in such laboratory experiments. The probability that a randomly chosen 
force will frequently be applied either perpendicular or parallel to the prism position 
of a randomly chosen quartz grain is somewhat remote. Many quartz fragments 
will probably be broken along the unit rhombohedron. 

Rosiwal (1916, p. 142) measured by several methods the differential hardness of 
many minerals, including quartz, which he reported to be: 


Per cent 


Milligan (1936, p. 189) points out that hardness depends on the method used to 
determine it. He reported the order of decreasing hardness of quartz to impact 
abrasion (sandblast) to be plus rhombohedron, plus trigonal prism, artificial basal 
plane, minus trigonal prism, and cleavage face parallel to minus rhombohedron. 
The minus faces agree with Rosiwal’s determinations. ; 

If all the surfaces of a quartz grain are subjected to abrading forces of equal in- 
tensity, it follows from these hardness determinations that the minus trigonal 
rhombohedron will be most abraded because it is the softest. The development ofa 
large cross section parallel to this position would be facilitated by the adjacent harder 
plus trigonal rhombohedron which would maintain the edges. For the same reason, 
supported by the intermediate hardness assigned to the prism, the minus trigonal 
prism would develop a large cross section but not so readily because the hardness 
difference is less. Microscopically it is not possible to distinguish plus and minus 
for grains. Therefore only the relation of the unit rhombohedron and the prism to 
the large cross section can be measured. 

Recent investigations (Ingerson and Ramisch, 1942, p. 604) have shown that 
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quartz grains from weathered but undisturbed quartzose rocks tend originally to be 
elongate parallel to prismatic and rhombohedral faces. These authors point out 
that the breaking of grains tends to eliminate the elongation parallel to the prism. 
Perhaps this accounts for the lack of elongation parallel to the prism in the grains 
studied (Fig. 2). Loss of this elongation does not necessarily eliminate development 
of the m.p.a. subparallel to the prism, however. 

It should be noted that, although the curves (Figs. 1, 2) have certain similarities, 
each curve has characteristic variations. To some extent the shape of an individual 
curve reflects the original shape and the sedimentary history of the grains from which 
the data are obtained. It remains to be determined whether a series of such curves 
made for quartz grains taken at intervals from the same horizon can be used for 
stratigraphic correlation. 


GRAIN-SHAPE FABRICS 
THE METHOD 


A thin section preserves the spatial relationship of crystallographic directions. 
For each of the samples, the quartz optic-axis fabric and the fabric of the pole to 
mica flakes were determined. In specimen 2 a number of the quartz grains seem to 
be elongated in the plane of the thin section. An additional partial fabric diagram 
was prepared for only the elongate grains. 

The contours of a fabric diagram are drawn to connect the boundaries of areas of 
equal point density. The center of a given maximum may therefore be used to repre- 
sent the maximum. 

The quartz fabric was transferred from an equal-area projection to the surface 
of a globe. Transferring was facilitated by ruling the globe for longitude and lati- 
tude at 10-degree intervals. Each contour crossing a 10-degree line on the projection 
was plotted in a similar area on the globe. 

At the center of each maximum, a small scotch tape compass socket was attached 
to the globe. About each center circles were swept, the radii of which corresponded 
to the angles between the optic axis and the pole to the maximum projectional area 
of the preceding curves. The circles were in reality double circles or bands about 
10° wide, because the high point on the curves is about 10° wide. The radii of these 
circles varied from 45° to 60°, depending on the angle taken from the curve. Only 
tadii corresponding to the m.p.a. in the rhombohedral position were used because this 
position is most frequently the control. The area defined by the two circles about a 
maximum is a zone in which the greatest cross section of the grains in the maximum 
may be tangent to the globe. 

Circles corresponding to the long dimension were plotted in the same way, with 
radii between 35° and 50°, which also correspond to the rhombohedral position. 
These bands, whose radii represent the angle between the long dimension and the 
optic axis, indicate that the long dimension is perpendicular to the surface of the 
sphere somewhere within the band. 

Where two bands intersect the common area has twice the possibility of contain- 
ing the physical dimension. The intersection of a number of bands increases the 
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likelihood of a physical dimension lying within the enclosed area. In several in- 
stances six bands intersected (Fig. 3 shows four near the center and five at the 
periphery), and the enclosed area represents an important concentration of the 
physical dimension. 


Y 


Ficure 3.—Band diagram of the pole to the m.p.a. for specimen I 


Five sets of fabric diagrams are presented: three are fabrics found in the channel 
sandstone (specimens 1, 2, and 3); a fourth is a set of partial diagrams of apparently 
elongate grains in specimen 2; and the fifth represents the fabric found in the silty 
shale (specimen 4). For convenience of reference the quartz optic-axis diagrams 
will be referred to as 1q, 2q, 3q, and 4q, the mica fabric as 1m, 2m, 3m, and 4m, the 
m.p.a. as 1a, 2a, 3a, and 4a, and the longest dimension as 1d, 2d, 3d, and 4d. 


QUARTZ OPTIC-AXIS FABRICS 


These diagrams are the basis for the construction of the shape-fabric diagrams. 
Each diagram contains 200 optic-axis measurements. The quartz optic-axis fabric 
becomes progressively more concentrated about the center of the diagram from 1q 
to 3q (Fig. 4). In each diagram the maxima are arranged about the east-west direc- 
tion (strike of the beds). 


MICA FABRICS 


The maximum of the mica fabrics indicates that the cleavage surfaces of the mica 
strike almost east-west and that the average dip is 1m, 8° N.; 2m, 6° N.; 3m, 28° N. 
(Fig. 4). These surfaces are aligned with the cross-bedding in the horizon from which 
the specimens were taken. The bedding is most steeply inclined at the lowest 
horizon (specimen 3). 
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MAXIMUM PROJECTION-AREA FABRICS 


The fabric of the pole to the m.p.a. of quartz grains in specimen 1a (Fig. 5) has 
its largest maximum near the edge of the diagram approximately in the 11 o’clock 
position. The m.p.a. of the grains of this maximum are aligned in strike with the 
mica fabric but dip somewhat more steeply in the opposite direction. There are 
also a number of submaxima lying across the fabric from the 8 o’clock to about the 
2 o’clock position. These submaxima lie in a belt corresponding in position to the 
surface defined by the largest maximum. The m.p.a. of these grains lies almost per- 
pendicular to the m.p.a. of the grains making up the largest maximum. 

The fabric of 2a is similar except that the maximum is better developed and more 
grains are concentrated in the submaxima. 

In fabric 3a the position of the maximum and associated submaxima is reversed, 
indicating that the grains represented dip in the opposite direction. The m.p.a. 
of these grains are aligned in strike with the mica flakes and cross-bedding. The dip 
in the opposite direction is steeper than in 1a and 2a. A strong submaximum in the 
belt near the center of the diagram suggests that more grains came to rest in this 
position than in 1a or 2a. The belt of submaxima in this diagram is inclined to the 
plane defined by the maximum. Some submaxima lie in similar positions in each 
fabric, for example the submaxima near the 4 o’clock position. 


LONG-DIMENSION FABRICS 


The fabrics of the long dimensions agree quite well with the fabrics of the m.p.a. 
In 1d (Fig. 5) a majority of long dimensions lie in a belt parallel to the belt defined 
by the maximum of 1a. Scattered over the diagram are many submaxima which 
may be related to the belt of m.p.a. submaxima of 1a. 

The long-dimension fabric has a large concentration of maxima near the center 
of the diagram which are perhaps related to the maximum of the m.p.a. which covers 
the largest area (near the periphery at 5 o’clock). 

The maximum in fabric 3d is reversed in position with respect to 2d in the same 
sense that the predominant maximum of 3a is reversed with respect to 2a. There 
is much less scattering in 3d than in id and 2d. The positions of the scattered sub- 
maxima suggest that they are related to the belt of submaxima of 3a. 

Because by definition the maximum projection area contains the longest dimen- 
sion of the grain, the longest dimension of a group of grains making up a maximum 
of the pole to the m.p.a. must lie on a great circle 90° from the maximum of the pole 
to the m.p.a. (Fig. 5, 1a, 1d). Those grains making up the maximum split between 
the 5 and 7 o’clock positions in diagram 1a lie with their m.p.a. parallel to the surface 
tangent to the projection sphere and the circle at the 5 or 11 o’clock position. This 
surface parallels the strike of the cross-bedding but dips more steeply in the opposite 
direction. The maxima of diagram 1d lie in a similar surface of the same inclination 
which passes through the center of the sphere. The quartz grains are then lying 
with their m.p.a. parallel to this surface and with their longest dimension in several 
groups in this surface. 

In diagram 2a the surface in which most of the m.p.a. lie is in the same general 
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Quartz fabric (3q) Mica fabric (3m) 
Ficure 4.—Quarts optic-axis fabrics and mica fabrics 
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m. p. a. fabric (3a) Long-dimension fabric (3d) 
Ficure 5.—M.p.a. fabrics and long-dimension fabrics 
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position (tangent to the sphere at 4 o’clock) but a little more steeply inclined. The 
long dimensions lying in this surface are more concentrated than those of 1d. 

The inclination of the surface formed by the m.p.a. (tangent to the sphere at § 
o’clock) in diagram 3a is reversed and steeper. Also the surface (arc) dips less steeply 
than the m.p.a. maxima at the 8 o’clock position (line). The strike of this surface 
is not quite aligned with the cross-bedding. The dip is in the same direction but 
somewhat steeper. The long dimensions are quite closely grouped about the 
strike of the surface. 

The maxima of the long dimensions shift as the strike of the surface shifts. In 
diagram 2d they are on the left of center, while in diagram 3d it is on the right side, 
A similar but statistically less reliable relationship can be worked out for the sub- 
maxima. 


FABRICS OF APPARENTLY ELONGATED GRAINS 


Some of the quartz grains in the thin section of specimen 2 appeared to be elon- 
gated parallel to the plane of the thin section. A quartz optic-axis fabric was made 
of only those grains of apparent elongation (Fig. 6, 2eq). Statistical fabrics based 
on the optic-axis fabric were made for the pole to the m.p.a. (2ea) and of the longest 
dimension (2ed). These partial fabrics do not differ greatly from the corresponding 
fabrics of all grains. Indeed, the long-dimension fabric indicates that the longest 
dimension of these grains lies in a plane perpendicular to the plane of the thin section, 
Thin sections alone would give a completely erroneous idea of this shape fabric, 
Because the m.p.a, of some of these grains is nearly horizontal, a thin section cut 
in the vertical plane might contain two dimensions of these grains—one nearly equal 
to the shortest dimension, and another somewhere between the longest and inter. 
mediate dimension. A section of a grain so cut would appear elongate. It wouldbe 
possible to learn from such a section only the tendency of the m.p.a. to approach the 
horizontal. 


SILTY SHALE FABRICS 


The clay flakes of the silty shale are too small to measure, but their high birefrin- 
gence indicates that their m.p.a. lie almost in the horizontal plane. Nothing can be 
inferred about the direction of elongation of the flakes except that it is in the plane 
of the bedding. 

The quartz optic-axis fabric (Fig. 6, 4q) exhibits a girdle dipping about 35° N. and 
nearly perpendicular to the section. The m.p.a. fabric (Fig. 6, 4a) indicates that 
only a few grains lie with their m.p.a. near the horizontal. The longest-dimension 
fabric (Fig. 6, 4d) shows a few grains with their longest dimension near the horizontal 
plane and a larger number inclined at an angle of about 35°. 

The m.p.a. and long dimension of some quartz grains in the silty shale are aligned 
with the lamination, but most of the grains are inclined. This inclination is perhaps 
due to adjustment, after settling, to the shape of grains already deposited. Grains 
generally settle in quiet water with their m.p.a. nearly horizontal, and settling is fre 
quently accompanied by a series of side slips which would simplify adjustment when 
the grains come to rest. 
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t when Elongate long-dimension fabric (2ed) Shale long-dimension fabric (4d) 
Ficure 6.—Elongate grain fabrics and silty shale fabrics 
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CONCLUSIONS 


The determination of the grain-shape fabric of clastic quartz has required (1) the 
determination of the relationship between physical and optical dimensions for each 
specimen, and (2) the interpretation of the optic-axis fabric in terms of these re. 
lationships. 

The frequency distribution of the angular relationship between the spatial co-op. 
dinates of the optic axis, the longest dimensions, and the pole to the plane of maxi. 
mum projection area of a quartz grain has been determined. The m.p.a. most 
frequently occupied a position corresponding to the unit rhombohedron. The 
position of secondary importance is that of the prism. 

The mode of the longest dimension is not so clearly defined. High points of its 
frequency-distribution curves occur in positions corresponding to the base, the unit 
rhombohedron, and an intermediate position. 

Fabric diagrams showing the most likely position for the m.p.a. of grains were con- 
structed by applying the angle obtained from the frequency curves to the maxima of 
the optic-axis fabric diagrams. Only the unit rhombohedron was used, because the 
frequency-distribution curves show that the m.p.a. and longest dimension develop 
most frequently in the unit rhombohedral position, and the data of the authors cited 
substantiate this. 

The probability of error in interpreting grain-shape orientation from thin sections 
alone is demonstrated by a series of diagrams of quartz grains which appear to be 
elongated in the plane of the thin section. Actually, the preferred orientation of the 
longest dimension of these grains is in the same plane, but at right angles to the ap- 
parent elongation. 

All the factors involved in transporting grains of clastic quartz to their present 
positions as well as the original shapes determine the final shapes of grains. Ina 
group of grains the degree of perfection of any physical dimension reflects the original 
shapes and the sedimentary histories of the grains. The quartz grains of any single 
horizon have generally been through a similar history, and therefore the distribution 
curves relating physical and optical dimensions might serve as a method of correla- 
tion when other criteria are not available. 

In laboratory studies of stream deposition and sedimentary structure this method 
offers a means of determining the position at which grains come to rest under different 
conditions. Study of the positions assumed by grains being transported and de 
posited under controlled conditions will make possible a more complete interpretation 
of the grain-shape fabrics in natural sediments. 

The settling and consolidation of sedimentary foundation structures have been 
intensively investigated. If a strongly preferred orientation of grain shape were 
found in a proposed foundation structure, the direction of lateral movement and the 
amount of settling might be predicted. 
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ABSTRACT 


A high and broad area in the Wind River Mountains exposes pre-Cambrian meta- 
morphics, predominantly gneiss, intruded by acidic and basic rocks. By mid-Cam- 
brian time these were deeply eroded to the widespread peneplain of the interior United 
States. Paleozoic sediments of Middle and Upper Cambrian, Upper Ordovician, 
later Devonian, earlier Mississippian, Pennsylvanian, and Permian—the usual north- 
western Wyoming section—outcrop in the vicinity of Green River lakes, in the north 
part of the western flank. Most of the Mesozoic rocks in northernmost Green River 
Basin are concealed, but Dinwoody, Chugwater, Sundance, Morrison, and Upper 
Cretaceous are known. Cenozoic deposits occur, but their dating is uncertain. 

Laramide orogeny produced, in the Paleozoic area, folds, two major westward 
thrusts, and three minor upthrusts. Faulting is extensive in pre-Cambrian rocks, 
but the age of most of the faults is unknown. 

A peneplain, thought to be late Cenozoic, bevels pre-Cambrian and Paleozoic 
rocks. Subsequently there was stream incision to a maximum depth of 3500 feet 
during five erosion stages or subcycles. There were apparently at least two Pleisto- 
cene glacial epochs, and about 25 glaciers still exist. 


INTRODUCTION 


The Wind River Mountains, 125 miles long and 40 miles wide, extend northwest- 
southeast between Lat. 42 and 44 N. in west-central Wyoming, mostly as a high 
rugged range with an exceptionally large area above timberline and the highest 
altitude for the latitudes on the continent. They rise gradually in northeastern 
dip slopes of resistant Paleozoic rocks from the northeast-bordering Wind River 
Basin. The descent on the opposite southwest flank into the southwest-bordering 
Green River ‘Basin is more abrupt; Paleozoic rocks do not outcrop on that flank 
except in the Green River lakes area adjacent to the Big Bend of upper Green River 
and ina much smaller area near Fremont Butte, southeast of the town of Pinedale. 
The northwest end is the drainage divide between the Pacific Ocean by way of the 
Columbia, the Gulf of California by way of the Colorado, and the Gulf of Mexico 
by way of the Missouri-Mississippi rivers. The south end of the range is flanked 
by the Red Desert Basin, without exterior outlet. Like other mountains of the 
Cordillera these owe their topographic prominence to a combination of uplifting and 
erosional differential etching of rocks of varying degree of resistance; crystalline rocks 
especially, including limestones and dolomites, are more durable in the prevalent 
cold climate, while poorly indurated or nonconsolidated Mesozoic and Cenozoic 
rocks disintegrate rapidly and are removed easily, especially from the arid or semi- 
arid lower intermontane basins where only a sparse vegetation protects the surface. 

This paper presents the detailed geology of the Paleozoic area of the southwest 
flank, about 50 square miles, centering about 20 miles south of the northwest end 
(Pl. 1). Physiography and structure require consideration of a much larger area. 
Three topographic quadrangles of the U. S. Geological Survey caver most of the 
northwest range area: the Fremont Peak 30-minute quadrangle of the northwest end 
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of the range and the Mt. Bonneville and Moccasin Lake 15-minute quadrangles; 
the northwest corner of the Mt. Bonneville joins the southeast corner of the Fremont 
Peak, and the Moccasin Lake is directly east of the Mt. Bonneville (Fig. 1). 


SPRINBS 
hia 


Ficure 1.—Outline map of Wyoming 
Showing location of Wind River Mountains. (1) Fremont Peak quadrangle, (2) Mt. Bonneville quadrangle, (3) 
Moccasin Lake quadrangle. 


St. John (1883) gave an excellent general description of the geology. Baker in a 
1909 reconnaissance recognized the Cenozoic peneplain, the westward thrusting in 
the Big Bend area of Green River, and the occurrence of Permian phosphate. Black- 
welder’s observations (1911; 1913; 1915; 1918) increased greatly the knowledge 
of physiography and Paleozoic stratigraphy. Atwood (1940) discussed the pene- 
plain and later physiographic history. 


PRE-CAMBRIAN BASEMENT COMPLEX 


Pre-Cambrian rocks outcrop in an area about 30 miles broad. At the northwest, 
west of the Continental Divide, the oldest rocks are gray gneisses, extensively in- 
truded by /it-par-lit and crosscutting pegmatite and quartz injections (PI. 2, fig. 1). 
Schists, dominantly amphibolitic, and green quartzites are rare. With an eruptive 
contact west of the metamorphics is an extensive granitic intrusion overlapped 
farther west by Cambrian. Granitic rocks at the north are mostly fine-grained, in 
part at least quartz monzonite, but father south, between the South Fork Gypsum 
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Creek and the canyon of New Fork River, they are very coarse-grained and almost 
binary. A few pre-Cambrian diabase dikes intrude older rocks. 


PRE-MID-CAMBRIAN PENEPLAIN 


There is a noteworthy absence of less metamorphosed pre-Cambrian sediments 
like those in ranges farther west and northwest. Erosion of pre-Cambrian evidently 
continued until almost perfect peneplanation since contact of the Middle Cambrian 
Flathead sandstone is everywhere remarkably even. Moreover, Flathead basal 
conglomerate is relatively scarce, and its pebbles are small. Lower Flathead has 
considerable feldspar and chlorite in small particles and medium-grained quartz. 
Mature decomposition of granite directly beneath the surface is shown where the 
peneplain is stripped, as on the divide (Pl. 2, fig. 2) between Porcupine Creek and 
Green River (2 miles south of the head of upper Green River lake) and north of 
Clear Creek along the western margin of the granite (Pl. 7, fig. 2, left horizon); 
in both areas this peneplain surface is tilted westward and differs from the Cenozoic 
peneplain which bevels it in that its surficial rocks are deeply decomposed and 
disintegrated. 


PALEOZOIC ROCKS 
GENERAL STATEMENT 


Paleozoic rocks of central Wyoming were deposited east of the Cordilleran geo- 
syncline and on the northwest border of the “Colorado islands”, overlapped from 
time to time by the sea but generally emergent. Consequently adjacent stratigraphic 
sections seldom have exactly the same thicknesses, great time breaks intervene, 
deposits locally thicken and thin, and the middle Paleozoic members thicken north- 
westward within the range. Furthermore, deformation caused considerable inter- 
stratal shearing. Paleozoic rocks on the northwestern flank of the range average 
about 4000 feet thick. Their areal distribution with two minor exceptions is shown 
in Plate 1, and a nearly complete section is exposed in White Rock (PI. 3, fig. 1). 


CAMBRIAN 


The Cambrian strata are divided lithologically into five distinct formations, only 
two of which are named. The formations in ascending order are: (1) Flathead 
sandstone; (2) an alternating sandstone and sandy shale member; (3) the Death 
Canyon limestone; (4) the upper, dark-green, partly bentonitic shale; and (5) the 
Upper Cambrian upper limestone with edgewise conglomerate. The lower strata 
are Middle Cambrian, and the higher Upper Cambrian. Neither the exact contact 
between Middle and Upper Cambrian nor the exact top of the Cambrian is known. 
Possibly there are gaps in the depositional sequence which could be determined only 
by very careful paleontological study. 

The Flathead sandstone is 255 feet thick on the east flank of Battleship Mountain 
(4 miles southwest of the south end of lower Green River lake) and 216 feet thick 
on the southeast flank of Sheep Mountain. On the main south fork of the South 
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Ficure 1. Gannetr Peak Scarp or Pre-CamsBrian GNEISS 
East from Wells Creek Glacier 
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Ficune 1. Parzozorc Section or Warre Rock, rrom Across GREEN River CANYON 
Pé, pre-Cambrian gneiss; €, Cambrian; 0, Ordovician; D, Devonian; M, Mississippian; 
Pa and Pt, Pennsylvanian Amsden and Tensleep 


Figure 2. Eastern Turust, Cenozoic PENEPLAIN, AND HANGING VALLEY OF THIRD SUBCYCLE 
Slide and Clear Creeks 


PALEOZOIC OF WHITE ROCK; THRUST AND PHYSIOGRAPHY, LOWER SLIDE AND 
CLEAR CREEKS 
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Fork Gypsum Creek on the east flank of the Battleship Mountain syncline the 
underlying coarse-grained quartz monzonite is partly leached, disintegrated, and 
decomposed for 8 to 10 feet below the base of the Cambrian; its original biotite is now 
largely chlorite. The contact is quite even. The lower Flathead consists of inter- 
bedded fine conglomerate, arkosic grit, and banded sandstone locally containing small 
angular quartz pebbles at the base and ranging from Indian red to light yellowish 
rusty brown. In places the beds are ribboned and variegated. Sandstone with 
numerous rows of small angular quartz particles is dominant. Small angular pink 
feldspar fragments are fairly abundant. The beds are of medium thickness, and the 
bedding is fairly distinct. Cross-bedding is common. The upper strata are ripple- 
marked and less indurated than the lower. So-called “fucoidal” markings occur on 
bedding planes, and casts of selenite crystals occur on the surfaces of the top layers. 

The section on Sheep Mountain was measured near the head of the easternmost 
creek entering the south end of lower Green River lake, its base being at 10,500 feet 
altitude at a point slightly less than 1 mile northeast of the summit of Sheep Moun- 
tain. The underlying pinkish-gray fine-grained biotite granite is decomposed to 
depths of at least 6 inches. The lower 130 feet of the Flathead is mainly quartzitic 
light rusty-brown cross-bedded sandstone in beds of varying thickness, interbedded 
with fine-grained arkosic conglomerate. Conglomerate and finer-grained sandstone 
are rarer in the upper strata. A 1}-foot layer of purple, ferruginous, thin-banded, ° 
somewhat gritty quartzite separates the lower member from an overlying 50 feet 
of sandstone, similar to the lower, but containing pipelike concretions at the top. 
The uppermost 35 feet of the Flathead consists of the same kind of sandstone but 
contains thin interbeds of sandy shale in its upper part. About a square mile of 
Flathead is exposed on the Continental Divide in secs. 26, 27, and 35, T. 40 N., R. 
108 W., and there is another outcrop, with higher Cambrian and Bighorn, mostly in 
sec. 34, same township. 

No fossils have been found in the Flathead sandstone though they occur imme- 
diately above it. There is no proof that the Flathead is marine, and it may be 
largely a residual, feldspathic sand in part redeposited by streams and waves. 

The lower shale formation is 120 feet thick in the Battleship Mountain section 
and 186 feet in the Sheep Mountain section. The lower 10 feet of the Gypsum 
Mountain section is dark-green finely fissile bentonitic, chloritic, and sericitic shale 
containing oboloid and linguloid brachiopods. The second member is poorly 
indurated medium-grained buff sandstone, 70 feet thick, weathering brown to light 
rusty, thin flaggy-bedded, and full of small pellets of glauconite in the upper half. 
This is overlain by 40 feet of dark dirty gray-green fissile shale with much sericite 
and occasional lenses less than 1 inch thick of dark butternut-brown micaceous 
limestone. A zone 24 to 29 feet beneath the top of the shale on the eastern slope of 
Gypsum Mountain contains numerous casts of whole trilobites (Ehmaniella). The 
fossiliferous shale—ordinarily dark dirty brownish-green—has numerous minute 
flakes of white mica and a considerable proportion of minute calcite crystals. 

On Sheep Mountain is the following section, in descending order: 
~ Feet 

25 


fs 
3 
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2. Limestone, finely crystalline, white to gray, thin-bedded, with minute glauconite 

3. Shale and sandstone alternating, olive green, with much glauconite; weathering 


Possibly only the two lower members are correlative with the strata of Battleship 
and Gypsum mountains herein referred to this division. 

The Death Canyon member, 200 feet thick at the east foot of Battleship Mountain, 
is a gray mottled limestone, thin-bedded below and massive above. The upper part 
contains some nodular chert. Bedding planes are wavy and irregular. The mottling 
is produced by fucoidal-like irregular masses of darker gray or brown in a lighter 
matrix. The section on Sheep Mountain is as follows in descending order: 


Feet 
1. Limestone, mottled, with rusty fucoidlike markings common, conglomeratic and 
2. Shale, olive drab, with 4-foot trilobite zone 20 to 24 feet below the top with Ehma- 
niella n. sp. and a new genus of 


3. Limestone, dove-colored, very fine-textured, nodular, wavy and thin- 


The trilobite zone in (2) may correspond to that in the shale underlying the mottled 
limestone of Battleship and Gypsum mountains. The thick mottled rough-surfaced 
limestone forms a pronounced scarp. 

The upper shale formation is 400 feet thick on Gypsum Mountain, 280 feet on 
Sheep Mountain, and apparently about 430 feet thick on the west side of lower 
Clear Creek valley. It is a dark dirty green to light olive drab with thin interbeds 
of impure glauconitic trilobite-bearing limestone and laminated micaceous fine- 
grained sandstone. The following trilobites, determined by Dr. Christina Lochman, 
occur in the top of a 13-inch edgewise limestone conglomerate overlain by 2 inches 
of bentonite, the base of the limestone being 77 feet above the top of the Death 
Canyon limestone: Kootenia sp. Resser, Glyphaspis sp. Resser, M arjumia tipperaryen- 
sis Miller, and Glyphaspis tetonensis Resser. Another fossiliferous limestone con- 
glomerate with Olenoides and other unidentified trilobites is 180 feet above the top 
of the Death Canyon, and the highest fossiliferous horizon noted is 195 feet above 
the top of the Death Canyon. Linguloid and oboloid brachiopods occur in the 
shale on Gypsum Mountain. 

The upper limestone group contains a physical and possibly a time break. How- 
ever, the significance of the break is not known, nor is the actual contact between 
Middle and Upper Cambrian. The group is characterized by edgewise limestone 
conglomerate with fairly abundant glauconite. Many of the flattish slabs of lime- 
stone oriented at all angles in the edgewise conglomerates have sharp edges and 
have not been subjected to wave action. Possibly the brecciation has been produced 
by intrastratal shearing or by fracturing produced by the deposition of travertine. 
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The latter action is prominent in places in the Southwest where caliche upon deposi- 
tion has broken up and tilted fragments of the original limestone. 

Since “edgewise” or “shingle” conglomerates of apparently the same age are 
known in the Cambrian at least from western Utah to the Appalachians and from 
Montana to-central Texas the view that they are attributable to subaqueous currents 
or wave action is scarcely credible, unless, perchance, earthquakes or storms were 
prevalent. In color, composition, and concretionlike and other structures Cambrian 
rocks associated with these conglomerates have much in common with formations 
containing saline residues. Possibly some mineral deposited on the sea bottom, 
acting much like caliche, broke up the thin-bedded limestones before full induration. 
Possibly such mineral matter is the glauconite and calcite of the existing matrix, 
or, since it is soluble, it was perhaps removed later. 

The lower portion of the upper limestone on Gypsum Mountain is 125 feet thick, 
thin-to medium-bedded, gray, glauconitic, largely flaggy, with beds of edgewise and 
shingle limestone conglomerate. On the west wall of lower Clear Creek valley it is 
913 feet thick and divisible into two members: The lower 46} feet is brown-gray 
limestone, odlitic, containing numerous glauconite particles, irregular and nodular, 
platy to medium-bedded, with some fucoidal markings, and finer-grained and 
denser in the upper part; the upper member of edgewise conglomerate in beds 3 


inches to 1 foot thick is 45 feet thick, glauconitic, and interbedded with thin platy ° 


layers of very fine-grained, ripple- and rill-marked micaceous sandstone, dense lime- 
stone, and some greenish-gray limy shale. 

The next higher bed is a buff, fine- to medium-grained, somewhat cross-bedded 
sandstone, 11 feet thick on Gypsum Mountain, 15 feet thick on Sheep Mountain, 
17} feet thick on the west wall of lower Clear Creek valley, and about 10 feet thick 
on White Rock east of upper Green River lake. The base of the sandstone is irreg- 
ular and contains basal conglomerate. It is succeeded by 10 to 18 feet of mottled 
brown and gray odlitic, in part sandy, limestone. In some localities the mottling 
is dark gray and black or brown and buff, and the limestone is crystalline and sugary. 

The overlying definitely Upper Cambrian limestone varies in thickness. It is 
80 to 90 feet thick or possibly more on Sheep Mountain, 100 feet thick on Gypsum 
Mountain, and about 80 feet on the west wall of lower Clear Creek where Billingsella 
occurs within 1 or 2 feet from the top. B. Maxwell Miller found 109 feet of this 
limestone on Warm Springs Creek at the north end of the Wind River range with 
Billingsella present from 82 to 92 feet above the base. 

The Gypsum Mountain section of the upper limestone is as follows, from top 
downward: 


Feet Inches 
1. Limestone, thinly laminated, irregular-bedded, dove-colored, finely crystal- 
2 (?), buff and dark gray spotted... 
3. Limestone, mainly fine, lithographic-textured, with talline beds alter- 
setae. with dense in the Jower part; light gray, nodular, thin- and wavy- pe 
4. Mudstone, limy, concretionary, light sea green..................2..000- 1 3 


5. Limestone, irregularly crystalline to lithographic, light gray, thin-bedded.. 2 8 
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6. Dolomite (?), shaly, nodular, laminated, forming recess.................. 1 6 
7. Limestone, nodular, light gray, laminated, weathering in thin, roughlayers.. 4 
8. Limestone, tompact, nodular, light gray, lithographic................... 1 
9. Limestone conglomerate, like those below, light gray; lithographic-textured 
10. Menage. light green, very nodular and irregularly laminated; forms re- 
11 Linestone conglomerate like (13), nodular, both lithographic and crystal- , 
12. ices like (14) below but more limy..........................244. 1 
13. Limestone conglomerate, sparsely glauconitic, light gray, crystalline, vary- 
14. Mudstone, nodular, limy, light green like (16), with small nodular concre- 
15. Limestone, with conglomerate at base 1 to 4 inches thick; limestone is light 
16. Mudstone, limy, op green, with minute specks of sericite and igpeerein, 
very irregular and nodular concretionary; apparently rill-marked........ 1 5 
17. Limestone conglomerate with flattened shingle pebbles.................. 7 
18. Limestone, glauconite-specked, crystalline, fossiliferous, dark gray, with 
layer of flattened pebbles at top; weathers dark brown................ 1 
19. Shale, light sea green, finely fissile, dark dull green below; weathers purple 


The Sheep Mountain section has a lower green argillaceous and limy zone 24 feet 
thick, a middle thin-bedded limestone topped with a layer of Eoorthis, 28 feet thick, 
and an upper thin platy gray limestone 30 to 40 feet thick. 

The section on the west wall of lower Clear Creek has 50 feet of limestone con- 
glomerate strata with trilobites at the base. The pebbles, most of which are greenish 
and flattened, range up to 2 inches in size. Most of the thin interbedded wedges 
and lenses of nonconglomerate limestone are fine-grained and dove-colored. Most 
of the limestones in the conglomerates are packed with small clear calcite odlites. 
Mud cracks and rill marks are common on the bedding planes of the denser fine- 
grained limestones. Next comes a 5-foot zone of limestone full of brachiopods, 
some probably Evorthis. The upper 30 feet is denser, dove-gray, thin- and wavy- 
bedded limestone. 

The lower part of the upper limestone formation (that is, the part below the 
sandstone parting) contains, 25 feet above its base in Sheep Mountain, the following 
trilobites of the Cedaria zone, as determined by Lochman: Modocia cf. oweni (Meek 
and Hayden), Modocia sp.Lochman,and a newgenus. Cameraspis, Tricrepicephalus 
(?), Modocia. Deadwoodia, and two new genera of trilobites were found 70 feet above 
the top of the parting sandstone. 

The total thickness of strata referred to the Cambrian is about 1200 feet on 
Gypsum Mountain and in lower Clear Creek valley and about 1100 feet on Sheep 
Mountain. Correlations with other sections in northwestern Wyoming are ques- 
tionable because of overlap; lithologic members wedge out toward the east. Prob- 
ably the lower shale division, the Death Canyon limestone, and the upper shale 
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division are to be referred to the Gros Ventre formation, as originally named by 
Blackwelder (1918). That the limits of these distinct depositional units are strictly 
contemporaneous throughout western Wyoming is improbable, since the shore line 
of the basin probably was moving eastward during deposition. 

The upper limit of the Cambrian strata is not known. No certain lithologic evi- 
dence of a time break between upper Cambrian and the Bighorn dolomite has been 
detected, and apparently such must be determined mainly on the fossil evidence. 


CAMBRIAN FOSSIL HORIZONS 


Trilobites collected from Cambrian strata were determined by Lochman, and 
Cooper determined the brachiopods. Most of the fossils were collected by Dr. F. 
E. Turner, Gordon Gulmon, and the writer. The horizons of these fossils from top 
downward are as follows: 


Uprer CAMBRIAN 


 E = (?) from 135 to 146 feet above the base of the buff, cross-bedded sandstone on 
pe See acing Green River Lake and from 87} to 103 feet above base of the 
ps oben on no of lower Clear Creek valley. 


2. Conaspis and Billingsella (?) in a light-gray limestone containing milky-white chalcedony 
131 feet above base of the same sandstone on White Rock near upper Green River Lake. 
Franconia equivalent, Conaspis zone. 


3. At 87 to 99 feet above base of same sandstone on Sheep Mountain and north wall of lower 
Clear Creek; Billingsella perfecta. 


4. ‘ ‘Eoorthis remnicha” and Otusia at 81 feet above base of same sandstone on Sheep Mountain. 
“Eoorthis remnicha” from 76 to 82 feet above base of same sandstone on north wall of lower 
Clear Creek valley. 


5. Sixty-five to 70 feet above base of same sandstone, lower Clear Creek: probably a new species 
of Burnetia, Elvinia roemeri, Cameraspis, Acrocephalites, Deadwoodia (?). Elvinia zone of 
stage. 


6. Two feet below base of sandstone: Syspacheilus. 


7. Ten feet below base of same sandstone, lower Clear Creek: Talbotina, Maryvillia; (6) and 
(7) upper half of Cedaria zone. 


8. Lower 50 feet of limestone overlying de geile ale formation: Modocia, Talbotina, Cedarina 
(lower half of Cedaria zone of Dres' 


MippLe CAMBRIAN 


1. Sheep Mountain, 180 feet above top of Death Canyon limestone, in a conglomeratic lime- 
stone: Olenoides and several unidentified genera. 


2. Sheep Mountain, 77 feet above top of Death gg limestone, in the top of an Sites 
conglomerate 13 inches thick: Marjumia sp. Resser, Marjumia tipperaryensis Miller 
Glyphaspis tetonensis Resser 


3. Twenty-four to 29 feet below Siial of Death Canyon limestone on Gypsum Mountain and 35 
feet below base of the thick upper Death Canyon limestone on Sheep Mountain (fossils of 
No. 2 of section given in foregoing description): numerous whole carapaces of Ekmaniella. 


4. In lower shale formation immediately above the Flathead; east flank of Battleship Mountain 
syncline, in lower 10 feet of chloritic and sericitic shale: "linguloid and oboloid brachiopods. 


BIGHORN DOLOMITE 


The Bighorn dolomite is intercalated between the upper Cambrian and the De- 
vonian Darby. Its exact upper and lower limits are uncertain. It may range from 
lower Cincinnatian to Niagaran, although it is not certain that the Niagaran is 
present, and possibly some of the strata are lower than Cincinnatian. On the west 
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wall of lower Clear Creek valley the Bighorn dolomite is not over 490 feet thick; it is 
600 feet thick on Gypsum Mountain and probably somewhat less than 500 on Sheep 
Mountain. This and the Madison are the two most prominent ridge makers among 
the sedimentary rocks (Pl. 3, fig. 1). The upper part is more massive and resistant, 
generally forming an overhanging cliff. The uppermost thin-bedded Leigh member 
is less resistant. The Upper Cambrian limestone forms the basal part of the Bighorn 
scarp. Fossils are rare in the Bighorn; ordinarily only occasional Receptaculites and 
Streptelasma are noticed. Purple fluorite occurs in vugs on White Rock. 
The section of Bighorn dolomite on Gypsum Mountain is as follows: 


Feet Inches 

Top 
1. Dolomite, light cream gray, thin-bedded (Leigh member?). Some of 

upper part may belong to the Dare 75 
2. Dolomite, light gray, fine-textured, sugary, occasionally cherty, massive. 

4. Limestone, dark gray, finely crystalline, with thin, irregular chert nodules; 

6. Limestone, irregularly silicified, very finely crystalline, light gray........ 10 
7. Dolomite, light gray, weathering light buff or cream, fine sugary, varying 

from thin- to heavy-bedded; upper 120 feet mottled brown and buff on 

weathered surfaces; some ‘chert about one-third the way above the 

8. Dolomite, medium gray, fine sugary, thinly but irregularly banded, with 

~ apd bands separated by thinner brown bands; weathers light a 


No fossils have been found in either the top or bottom of the dolomite. Possibly 
much if not most of it was deposited either in water too deep for thick-shelled neritic 
organisms or possibly even in water unfavorable to any organisms. On the other 
hand, diagenetic changes may have destroyed most of the organic remains. 


DARBY FORMATION OF THE DEVONIAN 


The Darby consists of alternating magnesian limestone or dolomite, shale, and 
minor sandstone. A few fossils indicate its Devonian age. The strata are fairly 
weak, outcropping on a gentler slope between the precipitous scarps of the Bighorn 
below and the Madison above (PI. 3, fig. 1). It is 285 feet or more thick on the west 
wall of lower Clear Creek valley, 384 feet (according to Blackwelder) on Sheep 
Mountain, and at least 300 feet on Gypsum Mountain. The following section 
comprises nearly all the strata in the vertical section south of Slide Lake where many 
beds have been thrust out through intraformational slipping: 

Feet Inches 
Top 
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light maroon to 
Sheep 3. chemi very sandy, ripple-marked, ribboned light gray to lavender. 
stant, 4, Sandstone, clayey, thin- to irregular-bedded, secondary calcite, yellow. . 20 
>mber gray, weathering dark gray; fine sugary crystalline, i 
. d 6. Reve ei sand grains subrounded, etched, of variable sizes from 
S an coarse to light green color probably caused by hydrous iron silicate; 
extremely fine-grained matrix looks like hardened bentonite.......... 3 
7. Limestone, buff, texture of brown sugar, very cavernous................ 6 
- 8. Limestone, dense, fine-grained, gray; with thin green shaly interbeds.... . 3 4 
ms 9. Mudstone, platy, sandy, green, with thia sandstone interbeds, grades down 
Blackwelder (1918) gave a detailed section on Sheep Mountain. There Dr.'F. E. 
Turner found small limestone pebbles in the basal 1 to 6 feet, ostracoderm plates in 
an 8-foot bed of limestone about 33 feet above the base, an arthrodire jaw about 100 
feet above the base, and species of Airypa near the middle; Blackwelder found 
0 Airypa reticularis about 135 feet above the base. 
The section on Gypsum Mountain does not include the basal strata, the base being 
somewhere in the 100-foot thick thin-bedded dolomite, the lower part of which is the 
Leigh. The limestones in this section are perhaps all magnesian or dolomitic: 
Feet Inches 
Top 
se 1. Limestone, with geodes, cavernous, gray to buff, thin- to medium-bedded, 
10 very fine-textured, an aquifer for underground water................. 
2. Shale, fairly fissile and regularly laminated, gray, weathering purple...... 10 
ssibly 3. Mudstone, irregularly laminated, with much fine sand, dark gray, weather- 
th 4, Limestone, finely crystalline, thin irregular laminae with brown dendritic 
one manganese dioxide, yellowish tan, very clayey..............0-e20000: 19 
5. Covered but revealing some thin interbedded limestone and shale; upper 
6. Limestone, thin-bedded, nodular, mottled light and dark gray, weathering 
in part pink, with numerous small dolomite crystals................. 4 
y and 7. Sandstone, platy-bedded, tan, medium owt ny tea , poorly consolidated; white 
fairly layer 1 foot thick at 13 feet above the base. Thin red-brown layer in 
. west 8. Covered in part, largely thin-bedded, light- and dark-gray limestone. At 
“ top 3 feet of dark-brown bituminous ely crystalline limestone....... 27 
sheep 9, Limestone, medium-bedded, finely crystalline, brown gray, somewhat 
many 10, Partly covered, but mainly thin-bedded gray limestone; some layers 
11. Covered largely but with some light-green shales. Some thin platy sandy 
aches and limy beds, tan, brown, and gray. The strata are largely inter- 
bedded shale, mudstone, and very fine-textured green sandstone. The 
upper 10-15 feet contains more shale................0.0.cceeeeeeees 50 
12, Limestone, finely crystalline, very light gray.............0..cceeeeeees 2 
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13. Dolomite, dark gray brown, coarse, sugary-textured, very bituminous.... 8 
14. Dolomite, thin-bedded, very fine-grained, light gray.................... 10 
15. Chert, thin-bedded, gray to brown.............0.c0c0cccceccccccecees 6 
16. Dolomite, dark brown, fine sugary-textured, very bituminous............ 6 6 


MADISON LIMESTONE OF THE LOWER MISSISSIPPIAN 


The{Madison limestone is the most conspicuous cliff former among the sedimentary 
rocks; it forms a single escarpment. On the west side of White Rock overlooking 
upper Green River Lake the Madison cliff is notably buttressed and recessed (PI. 
3, fig. 1). No attempt has been made to subdivide the Madison; in the main it is 
heavy- to medium-bedded gray limestone, cherty in various layers, with a fauna 
comprising mainly brachiopods, horn corals, and crinoids; Spirifer centronatus is 
common. The Madison ranges from 565 to over 1000 feet thick in the plunging 
syncline of Sheep Mountain, much of the variation being attributable to intraforma- 
tional slip. It is 830 feet thick on the west wall of lower Clear Creek. Both base 
and top are very definite, the basal beds resting on the eroded upper Darby limestone 
which is 28 feet thick just south of Slide Lake, 64 feet thick on Gypsum Mountain, 
and 80 feet thick on Sheep Mountain. At the upper contact the Amsden sandstone 
unconformably overlies the Madison. 


AMSDEN AND TENSLEEP SANDSTONE, LIMESTONE, AND SHALE 


The strata tentatively grouped as Amsden and Tensleep consist of four units, from 
base upward; a lower sandstone, a red and yellow clay member, an alternating lime- 
stone and sandstone member, and an upper sandstone referred to the Tensleep. A 
few fossils and fossil casts, mostly marine, have been found in these strata; Neo- 
Spirifer cameratus occurs near the top of the Tensleep sandstone. There is yet no 
indication that any of these strata are older than Pennsylvanian. The combined 
Amsden and Tensleep are 630 feet thick on the west wall of lower Clear Creek and 
618 feet on White Rock. The section on White Rock, from top downward, is as 
follows: 


Feet 

1. sandstone, buff, cross-bedded; locally quartzitic and 

tains segregations of chert (?) practically all colors, ‘but sustiedalsed oot 

a ton cross-bedded, platy to massive, medium-grained................ 85 


PHOSPHORIA FORMATION 


The following section of the Phosphoria, which may not include the uppermost 
strata, is exposed on the ridge of White Rock northwest of the summit: 
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sleep sandstone. 


Top 
1, Limestone, t gray, coarsely crystalline, with a little glauconite; con- 


2. Chert, light gray and milky, with small nodules of tan-brown limestone; 
lower half fo on cay 


4. Mudstone, nodular, gray, mostly changed to hornstone................. 
5. Mudstone, shaiy, nodular, with lenticles of coarsely crystalline calcite... . 
6. Phosphate rock, bituminous, odlitic, dark brown....................0-. 
platy, light gray, more indurated and siliceous than 


9. Mudstone, nodular, platy, light gray............0.c.eeecececceecerees 
10. Shale. black, bituminous, some dark gray; weathers gray to brown....... 
11. platy, drab gray, weathering brown, phosphatic and 


3. Sandstone, phosphatic, dark brown gray, siadlehaguataa in Sines half 
and fine-grained in upper half; cherty above, contains vertical borings 
filled with sand. Spsriferina pulchra aieadeat at the base............ 


Second prominent outcropping ledge above the base. 
14. Dark-gray layer of vertical borings filled with medium-grained sand...... 


15. Sandstone, phosphatic and calcareous, dark brown, weathers dark gray, 
glauconitic; thin, irregular, platy-bedded; contains Limgula; more cal- 

16. Covered interval, largely nodular argillaceous limestone and shale; some 
at the base there are several feet of 
cavernous light-gray limestone with solid bitumen in the vugs........ 


numerous Orbiculoidea; feet is well indurated, medium ay, 
with a small amount of Pcie A and numeroys small black particles 


18. Sandstone, glauconitic, calcareous cement, with odlitic shesphate: 


20. Limestone, nodular, geodic, fine-grained, with brown and milky chert and 


"ing Yelowish as bor tings Bled with 


Feet 


7 


Feet 


Inches 


11 


Probably the next underlying bed is medium-bedded, light-gray calcareous sand- 
stone, 9 feet thick, underlain by 12 feet of bluish-gray shale which rests on the Ten- 
If so, the total thickness of the section is about 240 feet. 

A section which does not include the uppermost strata was made in the trough of 
the Sheep Mountain syncline; the order is from the top downward: 
Inches 
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7. Limestone, fine sandy and shaly, light gray; upper 7 feet phosphatic... . 40 
8. Limestone, dolomitic at top grading down into limy, cherty, phosphatic, 

9. Chert, flaggy, grading downward into fine shaly sandstone; 
10. Chale Saleilll and lumpy, sometimes roughly prismatic, with cal- 
11. Sandstone, or, iy very irregularly platy, with thin prismatic layer 
12. Sandstone, dark gray to dark bluish ag fossiliferous and phosphatic, 
considerable glauconite; weathers grayish brown..................... 8 
13. Chert, much-fractured, light gray, weathering yellowish................ 10 
Dr. F. E. Turner measured the following composite section farther north on Sheep 
Mountain: 
Feet 
Top 
Dinwoody Formation 
1. Covered interval below exposed Chugwater red beds................... 81 
2. Limestone, gray, flaggy; weathers brownish and greenish................ 45 
3. Sandstone, limestone, and shale alternating, flaggy-bedded, gray........ 30 
6. Limestone, fine-grained, dense, light gray, with Lingula................. 1 
7. Sandstone, brown-gray, irregularly bedded, with pebbles at the base..... . 4 
Phosphoria Formation 
9. Limestone, creamy gray with green specks (not glauconite).............. 2 
10. Chert, gray, nodular, very irregular-bedded.....................02000- 12 
12. Limestone, dark, dirty, 
14. Chert, irregular, nodular, gray.......... 4 
15. Shale, hard, gray, cherty, phosphatic..................00ceeeeeeeeeeee 3 
16. Chert, medium gray, weathering light gray.................0005+ee200% 3 
17. Shale, thinly laminated, irregular-bedded; alternates with 2-foot limestone 
18. Shale, thinly laminated, brown blue, phosphatic; weathering bluish. .... . 10 
20. Shale, thinly laminated, brown blue; —_ upward into conchoidally 
fracturing, phosphatic shale; weathers bluish................--+++++5 
21. Limestone, phosphatic, black, granular..............0220+22seeseeeee 6 
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22. Limestone, with many branching bryozoans, cherty in upper 3 feet, Derbya, 


23. Limestone, massive, weathering light 12 
24. Limestone, partly massive, weathering yellow............eeeeeeececess 12 
25. Limestone, light gray, platy, fine-grained; chert in upper 2 feet.......... 5 
26. Limestone, light gray above and dark gray “peppery” below............ 12 
27. Chert, thin-bedded, gray; irregular and platy in lower 5 feet............ 15 
28. Sandstone and limestone, with Orbiculoidea, gray.............0.220000% 12 


to 
215 
Small veinlets of turquoise were noted near the small lake south of the middle of 


the south line of sec. 34, T. 39 N., R. 109 W. A number of the strata of the Phos- 
phoria contain large amounts of bitumen. 


MESOZOIC ROCKS 


Most of the Mesozoic rocks on the southwest flank of the northwestern part of the 
range are covered by Cenozoic; this is particularly true of the comparatively weak 
Cretaceous strata. The lower Mesozoic strata contiguous to the older rocks are 
badly sheared, fractured, and crumpled. Apparently the only fairly complete 
Mesozoic section is on the northwestward-plunging anticline extending from the 
Big Bend of Green River southeastward beneath Little Sheep Mountain into the 
lower northwestern flanks of Gypsum and Sheep mountains. The Mesozoic suc- 
cession was not studied in detail. 

A portion of the Dinwoody Triassic was included with the last section. The red 
(strictly speaking, salmon-colored) strata resting upon the Dinwoody are herein 
grouped together as Chugwater; possibly the upper part of this succession is Jurassic, 
while the lower is probably Triassic. The best-exposed section of the Chugwater, 
and the one least likely to be seriously disturbed by shearing, is in the NW. 3 sec. 
36, T. 39 N., R. 109 W., in the north spur of Sheep Mountain which forms part of 
the west rim of Green River valley west of lower Green River lake. A partial 
section beginning at the contact of the overlying Sundance and extending downward 
is as follows: 


Feet 
1. (a) Red siltstone with concretionary limy beds at top. 
(b) Mostly red and buff cliff-forming fine-grained sandstone. 
(c) Red siltstone at base (Total of a, b, and 530 
2. Mostly red siltstone with some platy thin-bedded gray sandstone. Thin platy beds 


Below these strata is perhaps 500 feet of red silty sandstone. 
Chugwater strata exposed on lower Mill Creek north of lower Green River lake 


| 
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have a lower mainly red, fine-grained, extensively ripple-marked sandstone member 
containing, in the middle, some fine sugary-textured tan to very light-green dolomite 
carrying calcite concretions and interbeds of purple silt. In the upper part in 
ascending order are (1) thinly laminated ripple-marked clayey maroon sandstones, 
(2) interbedded purple and thin light-green silt, and (3) “rauchwacke’’ (cavernous) 
tan and gray fine sugary-textured dolomite with small selenite crystals, evidently 
a residue from solution of gypsum. Part of the strata are sheared out here on the 
western flank of a tightly pressed and over-turned anticline although the red beds 
are not overturned. 

The gypsum strata in the upper Chugwater generally have been dissolved from 
the higher outcrops where there has been heavier precipitation; they are exposed in 
the drier, lower sage-brush country, such as along the South Fork of Gypsum Creek. 
The Chugwater group outcrops extensively west of Green River below the Big 
Bend. As usual in the Rockies, the weak Chugwater is the “zone of lubrication” of 
the soles of thrusts. 

The following section of the Sundance was made on lower Mill Creek just north 
of the outlet end of lower Green River lake: 


Feet Inches 
Morrison formation at top. Basal sandstone and conglomeratic sandstone. 


3. Sandstone, gray, cross-bedded, medium-grained.....................00 6 
4. Conglomerate of small pebbles of black and white chert................ 1 6 
8. Sandstone, limy, glauconitic, light gray, flaggy.....................20.. 5 
9. Clays, light gray, with thin platy sandstone beds in the middle 5 feet...... 20 
10. Sandstone, glauconitic, soft, medium grayish green, platy; has limy nodules 
13. Covered in part but mainly light-gray Gryphaea limestone.............. 4 6 
14, Sandstone, glauconitic, light gray, fine-grained, platy-bedded............ 3 
15. Limestone of Gryphaea shell breccia, medium gray..................... 2 
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Camptonectes is a common Sundance fossil. 


Cretaceous rocks are exposed locally in the northern part of the Big Bend of 
Green River, south of the stream and at the south base of Little Sheep Mountain. 
Most apparent is the Mowry—dark blue-gray clays with thin interbeds of bentonite. 
Strata referred to the Cretaceous were noted also at the old D. M. Gray coal mine, 
a short distance east of the middle of the west line of sec. 20, T. 36 N., R. 109 W., 
about 1 miles east and a little south of the Willow Creek Ranger station. In 1909 
two beds of coal were exposed, the upper 4 feet thick, and the lower 3 feet thick, 
separated by a black shale parting dipping southeast (overturned). The coal is 
bituminous, shiny black, with a fracture approaching conchoidal. It contains a 
little sulphur and slakes freely when weathered. 


CENOZOIC DEPOSITS 


Most of the lower country of the uppermost Green River Basin is covered with 
boulders, gravels, cobbles, and yellowish sands, partly sorted and stratified. In the — 
valleys these are largely glacial or fluvioglacial. Possibly Wasatch is a 200-foot-thick 
capping of interstratified gravels, boulders, and sands, dipping about 7° NNW., 
resting upon Upper Cretaceous dipping 57° NE. on Little Sheep Mountain in the 
south-central part of T. 39 N., R. 109 W. On the north shore of Halfmoon Lake, 
about 3 miles east of Fremont Lake (T. 34 N., R. 107-108 W.), pre-Cambrian gneiss 
is overlain by interbedded light-gray laminated volcanic ash, brown arkose, and 
bentonite. 

Boulder beds resembling the Pinyon conglomerate of the Mount Leidy Highland 
and southeastern Yellowstone Park (Pinyon Mountain) lie on the west against gneiss 
northeast of Union Pass in secs. 20 and 21, T. 41 N., R. 108 W. The boulders, well 
rounded and up to 1 foot in diameter, are mainly quartzites, largely brown, pink, 
and red but with gome gray, white, and black. Some of the boulders are crystalline 
quartz, and some are jasper and carnelian. There is a small amount of arkosic 
yellow sand matrix. The topography is of gently rounded contours; the slope is 
away from the gpeiss to the east. Most of the drainage is underground. The 
boulders most probably were derived from the Beltian terrane of the upper pre- 
Cambrian though possibly from Paleozoic and Mesozoic quartzites, but no exposures 
of the parent rocks are known in the Wind River Range. 

Yellow arkosic sands outcrop in the valley of Warm Springs Creek from half a mile 
to a mile north of Union Pass (T. 41 N., R. 108 W.). 

There are interstream ridges eroded from gravel, boulders, and sand between 
Roaring Fork and Fish Creek basin in the southeast quadrant of T. 40 N., R. 109W.; 
also they form the northwest and southeast walls of New Fork Lakes in the nenthonst 
quadrant of T. 36 N., R. 110 W., the ridge northwest of Willow Lake in the north 
part of T. 35 N., R. 109 W., the high ridge forming the northwest wall of Fremont 
Lake basin, the high ridge just south of Halfmoon Lake (T. 34 N., R. 108 W.), and 


MESOZOIC ROCKS 581 i 
ia 
f 
Lia 


582 C. L. BAKER—-WIND RIVER MOUNTAINS, WYOMING 


the ridge rising on the north of Boulder Lake (T. 33 N., Rs. 107 and 108 W.). These 
may be veneered by older morainic deposits, judging by the large surface boulders, 
Similar gravels cap Flattop and Little Flattop mountains between New Fork and 
Willow lakes. Black Butte, in the corner between T. 36 N., Rs. 110 and 111 W., 
and T. 37 N., R. 110 W., rising 900 feet above the valley of Green River (to the west 
and north), appears to have been eroded from poorly stratified boulders, gravels, 
and sands. 

These deposits may be a veneer upon older rocks. They are of uncertain age. 
Possibly they are remnants of alluvial debris aprons deposited during the 9000- and 
8500-foot erosional subcycles, or they may belong to an older glacial stage or stages, 
or they may be Wasatch. 


STRUCTURE 
PALEOZOIC AREA 


The Laramide orogeny in the Green River lakes probably formed at first a series 
of folds and then, with increasing stress, two westward thrusts and between them 
three minor upthrusts. Displacement increases north-northwestward on the eastern 
thrust but southward on the western and ends in northward-plunging anticlines in 
the area between. The three minor high-angle thrusts may be imbrications off the 
main sole of the western thrust, their surfaces possibly rotating by “back-folding”. 
The western two of the intermediate blocks lobe to the west as if pushed in that direc- 
tion by the eastern thrust. The northeast strike and prevailing northwest dip of 
the Paleozoic rocks between lower Green River lake and the north end of the western 
thrust indicate movement northwestward, as if a force couple developed rotational 
shearing stress. 

The mountain area between New Fork and Green River lakes is west of the 
mountain flank to the north; its east and west boundaries are the two westward or 
main thrusts. The western thrust changes to the north into a north-northwest- 
plunging anticline extending to the middle of the Big Bend of Green River. East 
of it is a syncline, plunging likewise, whose trough is followed by Green River for 
about 6 miles downstream from upper Green River lake. The intermediate minor 
thrust blocks plunge north into the south flank of this syncline and, to the east of the 
north end of the western thrust, change into asymmetrical anticlines with steeper 
east flanks and northeast plunge. East of lower Green River lake the eastern major 
thrust overrides, on the east flank of the syncline, the fractured steeper-dipping flank 
of a narrow anticline. South-southeast of the latter, southwest of the eastern thrust, 
is a north-northwest-plunging syncline through White Rock; on both flanks of this 
the weak shaly Cambrian and Darby strata are thinned by stretching and shearing. 

The eastern thrust cuts the Paleozoic area at the southeast end of the White Rock 
ridge (Pl. 7, fig. 2). The overriding pre-Cambrian gneiss and granite in the saddle 
between Green River and Slide Lake is ground into a zone of fine fragments a quarter 
of a mile wide; the Paleozoic rocks of the sole are dragged westward until they are 
vertical (PI. 7, fig. 2). To the north, between Slide Lake and the Clear-Mill creek 
divide saddle, a block of Madison limestone 3 miles long has been dragged up and 
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forward from the east flank of the White Rock syncline so that it overrides, in a 
subsidiary thrust, the section from Madison to high Chugwater, striking mostly at 
right angle to the thrust (Pl. 3, fig. 2); probably some red Amsden, from a distant 
view, overlies Madison in the dragged-up block on the divide between Slide Lake 
and Clear Creek. The outcrop is inaccessible because of instability of greatly shat- 
tered rocks on the steep slope. Between Clear Creek and Roaring Fork, in the nar- 
row ridge just northwest of lower Green River lake, apparently the thrust sheet in 
its former extent dragged westward underlying Paleozoic rocks of the sole into a 
westward-overturned north-plunging anticline. South of Roaring Fork pre-Cam- 
brian is thrust upon overturned Sundance. Trace of the thrust is mostly covered 
north of Roaring Fork. 

The surface trace of the western thrust is mostly covered by slides from the scarp 
of resistant pre-Cambrian and Paleozoic rocks of the thrust sheet down onto the 
weak Mesozoic (especially Chugwater) rocks of the sole; the upthrust edge produces 


’ a prominent though likely resequent fault scarp (Pl. 4, fig. 2). The fault ends at 


the north, in the northwest spur of Gypsum Mountain, in a recumbent double anti- 
cline, overturned to the west at its south end. Paleozoic rocks are overturned about 
45° on the west side of the thrust in the ridge north of the South Fork Gypsum 
Creek. There are two exposures of the fault on the north wall of the lower end of 
Jim’s Creek canyon. In one of these (Pl. 4, fig. 1), showing Cambrian thrust over 
Darby with three parallel thrusts in pre-Cambrian visible farther east across the 
canyon, the fault surface (in the foreground) dips 45° N. 40° E. In the valley, under 
the fault, Tensleep, Amsden, Madison, and Darby are overturned. The westward- 
sloping ridge just north of the south fork of Jim’s Creek is veneered with Middle 
Cambrian dipping 30° about S. 70° W.; this Cambrian overrides Bighorn dipping 
opposite (ENE.) and overturned 25°, the Bighorn overriding the Chugwater. Two 
miles south at the east end of upper Boulder basin pre-Cambrian granite rests on 
Phosphoria, overturned 60°. On the north wall at the mouth of New Fork River 
canyon pre-Cambrian granite rests upon low Paleozoic; the whole Paleozoic section 
and at least part of the Chugwater is overturned about 45°. There is extensive 
talus along the scarp base farther south; about a mile east by south of the Willow 
Creek ranger station pre-Cambrian of the north-facing scarp of Little Flattop Moun- 
tain lies above overturned Upper Cretaceous. There is a fairly broad syncline, with 
gentler west flank, west of the fault scarp; Chugwater and Sundance are therein 
exposed. 

The high-angle thrust fault underneath upper Green River lake and just north 
of it cuts diagonally across the entire Paleozoic section in the west flank of the 
syncline under White Rock. Near the foot of the northwest end of White Rock 
ridge, half a mile from Clear Creek, the fault overrides Madison, overturned 10°. 
Thrust up along it, north of Clear Creek, is the northern end of the White Rock 
syncline, whose axis there is turned to the west-northwest and whose axial pluhge is 
steepened greatly by a combination of upthrust and formation of the narrow anticline 
just east. The high-angle upthrust followed by the upper course of Porcupine Creek 
ends in a short, steeply northward-plunging, eastward-overturned anticline about 1} 
miles west of the upper end of lower Green River lake. The western of the three 
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high-angle minor thrusts ends northeastward in the anticline exposing Cambrian 
at the head of South Fork Gypsum Creek and the southeast foot of Gypsum Moun- 
tain. Flanking on the east is the north-northeast-plunging syncline extending 
through the summit of Battleship Mountain (2 miles south by west of the summit 
of Sheep Mountain). 


PROBABLE THRUST OUTLIERS 


Four hills in the southern half of T. 37 N., Rs. 109 and 110 W., extend for 3 miles 
to the east of the Pinedale-Green River lakes road south of Boulder Creek. Much 
brecciated, recemented Bighorn dolomite caps the hills, flanked by loose Cenozoic 
accumulations; bedrock is covered. To the east on Boulder Creek, the lowest 
outcrop of the western thrust is at 9000 feet, the easternmost Bighorn outlier has 
that rock down to about 8800 feet, and the westernmost outlier has it down to about 
8000 feet. Hence if the hills are outliers of the western thrust either it originally 
moved downgrade, its surface was downwarped subsequently, or the outliers have 
lowered upon removal by solution of once-underlying soluble rocks or by under- 
mining upon removal of underlying clay. There are some mineralized spring-fed 
ponds near the base of the westernmost outlier. Outlier Bighorn dips steeply east 
and has weathered in high slender “hoodoo” pinnacles in the second hill from the 
east (the one in center middle distance, Pl. 4, fig. 2) and has greatly slumped in the 
other outliers. The masses are too large to be glacial erratics; the easternmost has 
an area of about 100 acres. Black Butte, between the westernmost outlier and 
Green River, whose top is 1000 feet higher than the river flood plain at its base, 
shows no outcrops other than sand and gravel but may have a solid rock core. Green 
River swings abruptly to the west around the north bases of Black Butte and the 
three western Bighorn outliers. They are near the end of the broad southeastern- 
plunging main anticline of the Gros Ventre Range, the westernmost outlier being a 
little east of a line continuing a remarkable nearly straight south-southeast course 
of New Fork River, parallel to the strike of the westward thrusts in the area farther 
east. Other, subordinate, rocks in the outliers are Madison and Cambrian. 


Although pre-Cambrian rocks are commonly fractured seldom is the fracturing 
so conspicuous and easily traceable long distances as in the fresh rock above timber 
line in the Wind River Mountains, where deep trenches and canyons follow many 
of the fracture zones, adjacent to some of which scarps still persist. The map (Pl. 1) 
contains only a few of the more conspicuous fracture zones in the southeast part of 
the Fremont Peak quadrangle; many more can be traced on the Mt. Bonneville and 
Moccasin Lake quadrangles. Major streams not only occupy fracture zones, but 
major passes or saddles between those flowing opposite directions do likewise. 
Fractures strike from northwest through north to northeast, and some are transverse, 
Some are found only in pre-Cambrian rocks, and it is possible that in part at least 
they were formed in pre-Cambrian time. 

The Flathead sandstone, about 1 square mile in area, on the Continental Divide 
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Ficure 1. Exposure oF WESTERN THRUST 
Jim’s Creek canyon 


Ficure 2. Kurpren or Western THRUST (FOREGROUND AND NEARER MIDDLE DISTANCE); 
Western Turust Scarp (FAR DISTANCE); CENOZOIC PENEPLAIN (ON HORIZON); 
Erosion SuBCYCLES (MIDDLE DISTANCE) 

From klippe hill east of Black Butte 
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Ficurne 2. Trai Creex Fautt Rirt (RIGHT OF CENTER) 
Cenozoic peneplain, with felsenmeer, foreground and middle left 
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12 miles north of Squaretop Mountain is downthrown to the north against pre- 
Cambrian, the fault crossing the divide with west-northwest strike; between the 
Divide and Simpson Pass 2 miles southeast a fault-line scarp 1000 feet high sur- 
mounts the 10,500-foot erosion shelf. 

Faults of the Paleozoic area extend into the wholly pre-Cambrian area. (See 
Plate 1.) The eastern thrust continues south-southeastward from the saddle at the 
east base of White Rock down Elbow Creek below its bend; the creek, flowing south- 
southeast into northwest-flowing Green River, follows it. The river is in the fault 
zone as far upstream as the upper end of Threefork Park (Pl. 5, fig. 1), from which 
the fault extends through the east wall of the main canyon up the lower Stroud 
Creek valley and southeastward to Island Lake. It is paralleled, in upper Green 
River canyon, by another fracture zone passing through Granite Lake, its surface 
forming, farther southeast, the southwest wall of the river canyon, and, beyond 
Threefork Park, where it dips 45° ENE.., it is followed by the river’s middle fork. 
Another fault, joining the second near the mouth of Trail Creek, extends up the 
creek (the valley to the right in Pl. 5, fig. 2) through Green River Pass and Summit 
Lake and thence down Pine Creek to Fremont Lake. 

The fault beneath upper Green River lake extends up the deep canyon, partly 
filled by slide rock, through the small unmapped lake and deep notch at the west 
base of Squaretop Mountain. The next upthrust to the west has a much-fractured 
quarter-mile-wide zone of very unstable rock at the head of Porcupine Creek, south 
of which it is occupied by a valley tributary to New Fork River. The western 
upthrust fault, south of where it ends in an anticline, crosses South Fork Gysum 
Creek, is followed by its tributary heading just east of Saltlick Mountain, and 
produces a broad swale in the granite in the 10,500-foot erosion stage at the head of 
Jim’s Creek drainage. 

The upper, deeper canyon of Roaring Fork is in a fault zone joined by six fractures 
followed by streams of the south canyon wall. Simpson Pass (9} mi. north and 2 
mi. east of Squaretop Mountain, foreground, Pl. 6, fig. 1), is a saddle on a wide fault 
zone of high-angle westward thrusting; the brecciated zone in the pass is several 
hundred yards wide and equally wide 2 miles to the south in the landslide zone of 
the Clear Creek-Roaring Fork divide. North of the pass (Pl. 6, fig. 1) Bow Lake 
is in the fault zone; a fault branching from it at the head of Bow Lake probably 
continues northeast down Jakey’s Fork canyon. Near the pass a diabase dike is 
displaced horizontally about a mile. 

The deep canyon and cirque, containing a large landslide, north-northwest of the 
middle of the lower lake on Clear Creek, is in a fault zone. Faults form the side 
walls of a cirque a mile east of upper Porcupine Creek (PI. 2, fig. 2, at right); the 
same view, just to the left, shows another valley following a fault. Ross lakes, on 
West Torrey Creek east of the Continental Divide, occupy a fault rift 2000 feet 
deep, crossed at its south end by a transverse rift 1500 feet deep. 

Rectangular drainage, produced by fractures crossing at right angle, is notable 
in upper Boulder Creek basin on the Mt. Bonneville quadrangle; a great rift up to 
2000 feet deep, eroded in a fracture zone, strikes N. 25° W. across this quadrangle, 
followed by the head of South Fork Bull Lake Creek; thence across the Continental 


; 
ig 
| 
if 
i 
| 
i 
4 


586 C. L. BAKER—WIND RIVER MOUNTAINS, WYOMING 


Divide it forms a pass, continues in the headwaters canyon of Middle Fork Boulder 
Creek, produces the saddle at the east base of Mt. Bonneville, and continues down 
the headwaters canyon of East Fork River. 

Fault zones near the Continental Divide on.the Fremont Peak quadrangle, sus- 
pected to have late Cenozoic displacement, will be discussed in the section on physi- 
ography. 

The California Co. Pinedale Unit No. 1 boring, situated in the center of SW } 
NE 3 sec. 14, T. 31 N., R. 104 W., 14 miles south of the town of Pinedale, altitude of 
surface at borirg stated to be 6942 feet, reached what is reported to be the Green 
River-Wasatch contact at 4050 feet depth, the top of the Fort Union at 6850, and 
was thought to be still in the Fort Union (Paleocene) where drilling ceased at more 
than 10,000 feet (more than 3000 feet below sea level). If the underlying Cretaceous 
is from 9200 to 11,780 feet thick, asin the Rock Springs dome, if Morrison, Sundance, 
and Chugwater combined are 2850 feet thick and the Paleozoic is 4000 feet thick, 
the top of pre-Cambrian at the well site would be more than from 19,000 to 21,500 
feet below sea level. Pre-Cambrian reached an altitude of at least 14,000 feet 
above sea level in the summit of the Wind River Range. Therefore structural 
relief may be as much as 35,000 feet between the range summit and the bottom of 
the Green River Basin. 


PHYSIOGRAPHY 
FREMONT PENEPLAIN 


The Fremont peneplain, which bevels tilted Paleozoic rocks of Sheep (PI. 6, fig. 2), 
Gypsum, and Battleship mountains, is best preserved in the area entirely above 
timberline in the northwest part of the range, especially both sides of Green River 
and, on the east side of the Continental Divide, between Jakey’s Fork and North 
Fork Bull Lake Creek. The 10,500-foot erosion subcycle, in early old age stage, 
has destroyed it south of New Fork River, vestiges farther south being confined 
mainly to the Continental Divide and contiguous interstream ridges, which have 
greater differential relief, since they are narrower and scattered, and hence were 
eroded more in later time. 

Possibly its better preservation in the northwest sector is attributable to its loca- 
tion at the headwaters of the hydrographic divide, where streams thousands of miles 
from their base levels are still in early youth. Its surface slope was too gentle to 
produce ice movement and thus it was protected by ice and snow cover during 
glacial times. Perhaps its altitude is so high that precipitation has been low in its 
arctic climate and therefore erosion by running water has been relatively slight. 

Extensive peneplain flats are interstream divides between Roaring Fork (Pl. 10, 
fig. 2) and Clear Creek and between the latter and Slide Lake (PI. 7, fig. 2). Square- 
top Mountain summit and the high flats both sides of Green River canyon (PI. 2, 
fig. 2) are part of the peneplain. Goat Flat (Pl. 7, fig. 1), the area at the north base 
of Horse Ridge (Pl. 9, fig. 2, left), and the flat west of Ross lakes rift are peneplain 
remnants east of the Continental Divide. 

Small, low residual knobs (PI. 7, fig. 1) are scattered sparsely over the peneplain 
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Ficure 1. Bow Laxe Rirt From NEAR Simpson Pass 
First erosion subcycle to left, second in middle 
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surface, some are solid rock, others are heaps of large angular boulders such as the 
summit of Downs Mountain, rising-350 feet above the flat surface. In places there 
is a mantle of disintegrated and partly decomposed rock. More often the surface 
(a felsenmeer, foreground, Pl. 5, fig. 2) is strewn with angular slabs, finer fragments 
having been removed by nivation, wind deflation, or running water. On the Con- 
tinental Divide, in secs. 26 and 35, T. 40 N., R. 108 W., the peneplain surface is 
subhorizontal Flathead sandstone. 

Lowest known peneplain remnants are at 11,200 feet altitude between South Fork 
Gypsum Creek and New Fork River within 2 or 3 miles of the western brink of the 
western thrust sheet. Original peneplain surfaces are at 11,500 feet on Gypsum 
Mountain and 11,600 on Sheep Mountain. Thence eastward the peneplain rises 
about 50 feet per mile for about 10 miles to 12,000 feet east of Green River canyon. 
There is greater surface slope to 13,000 feet along the Continental Divide at the 
north foot of Downs Mountain (Pl. 7, fig. 2, right horizon); increase in slope is 
above the 12,000-foot contour. The northward slope along the Continental Divide 
from there is 1500 feet in 103 miles, the Divide being shifted to the west in a great 
lobe in the much-fractured, easily eroded rocks of the Bow Lake basin. In 4} miles 
due north of the 13,000-foot flat at the north base of Downs Mountain the downward 
slope is 1000 feet; erosion later has lowered the surface here. Slope to the west 
from the Divide here is about 500 feet in 12 miles; east of the Divide, west of the 
Ross Lakes rift, it is about 100 feet in 2 miles. The eastward slope in Goat Ridge 
is about 200 feet per mile for 2 miles. The northeastward slope of Horse Ridge 
(Pl. 9, fig. 2, left horizon) is 500 feet in 7 miles. The gentler-sloping part of the 
peneplain surface east of the Continental Divide extends up to 12,500-12,600 feet 
but west of the Divide to only 12,000. 

Several possibilities exist for the higher gradients in the Continental Divide sec- 
tion: its upwarping subsequent to peneplanation; it may be a low residual stream 
divide of the peneplain or of a rock pediment, it may be an exhumed part of the 
mid-Cambrian peneplain, or part of some other older and higher eroded surface. 

The highest ridge of Wind River summit peaks is 12 miles long—from 2 miles 
north of Gannett Peak to 3 miles south of Knife Point Mountain. It rises quite 
abruptly from the peneplain surface; rise on the east takes place within about 1 mile 
from the Divide, or considerably nearer to it than on the west. The steep summit 
ridge was thought to be a monadnock area by Blackwelder (1913) and by Atwood 
(1940), but closer study suggests that it may be upfaulted since peneplanation. 

Because all pre-Cambrian crystalline rocks both in the ridge and areas flanking it 
are substantially of the same order of resistance, abruptness of the ridge’s rise and 
its extreme ruggedness in middle mature stage of erosion are somewhat unfavorable 
to the monadnock hypothesis, as may be seen in a number of views (PI. 2, fig. 2; 
Pl. 5; Pl. 8, fig. 1; Pl. 9; Pl. 11, fig. 1, right horizon). The straight-based, lengthy, 
and steep-sloped scarps (PI. 2, fig. 1; Pl. 8; Pl. 9, fig. 2; Pl. 10, fig. 1) suggest origin 
by late faulting. One scarp, more reduced than the others (middle distance, just 
below horizon, Pl. 11, fig. 1), lies at the northeast edge of the subdued surface of the 
10,500-foot erosion subcycle, its base being the fairly straight course of a stream 
flowing southeastward into Island Lake (Pl. 1). The Titcomb Lakes basin east of 
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it, in the 10,500-foot subcycle, has three faults parallel to the valley course, best 
visible from the Divide peaks at the basin’s head; the east fault is at the base of the 
long, straight, and very steep scarp from a mile south of Fremont Peak summit 
north to the base of Mt. Helen (Pl. 10, fig. 1). The ice field (PI. 9, fig. 2, right of 
center), 4 miles long, apparently partly fills a rift at the east foot of Gannett Peak 
ridge; seen in profile in the left horizon, same view, Horse Ridge, though modified 
by subsequent erosion, may be an uparched part of the peneplain, Dry Creek basin, 
with its important tributaries on the west side of the main stream, having developed 
on the east-northeast flank of the arch (Pl. 1). Possibly late faulting in the Gannett- 
Fremont peak ridge changes northward into an upwarp of the peneplain which 
extends to 7 miles north of Downs Mountain. 

The Fremont peneplain is considered Pliocene by Blackwelder (1915) and by 
Atwood (1940); Atwood correlates it with the peneplain of the southern Rockies 
which he extends nearly to the shore of the Gulf of Mexico. Bauer (1934) and the 
Bransons (1941) think it is Eocene, holding that the nonvolcanic part of the White 
River detritals is sediment derived from its dissection. S. H. Knight (personal 
communication) thinks that subcycle surfaces in southeastern Wyoming, developed 
since peneplanation, are perhaps a series of pediment benches, presumably of the 
middle Cenozoic, preserved by a pyroclastic cover, whose removal subsequently 
resurrected the older topography. 

No vestige of pyroclastic cover is known in the Wind River Range, and the north- 
flanking Absaroka volcanics are dissected by the erosion subcycles to be described. 
Bauer quite possibly is correct about there being a peneplain near the close of the 
Eocene, but it is not apparent that it is the Fremont peneplain. If erosion con- 
tinued after Eocene, there was ample time since for a later peneplanation or for pene- 
planation of a rejuvenated surface from which may have been derived the White 
River deposits of the Wind River and Red Desert basins; furthermore, it is not at 
all unlikely that deposits in central Wyoming now grouped together as White River 
may prove to be complex of channel fillings, of different ages, such as are now known 
on the High Plains from Wyoming to Texas. If the region lay low and flat from the 
end of Eocene till late Cenozoic, so that there was little or no erosion, then, the 
Fremont peneplain can be Eocene. 

The upper Green River canyon (PI. 2, fig. 2; Pl. 5, fig. 1) and other canyons of the 
Wind River Range are thought to support the opinion that all rejuvenation subsequent 
to the Fremont peneplain is relatively recent. Although the Green River canyon 
walls are gneiss, resistant in solid state, the rock is visibly greatly fractured. The 
peneplain surface extends to the canyon rim; walls above the limit of glaciation are 
nearly vertical. The cross profile is very characteristically U-shaped. Depth 
below peneplain level is 3500 feet. It is a Pleistocene canyon. 

No more than three glacial epochs have been determined— or suggested—for the 
Rockies. Possibly mountains were not yet sufficiently high for development of 
extensive glaciers during earlier epochs of northeastern North American ice sheets. 

There are two types of drainage in the present higher mountains: the adjusted, 
subsequent main valleys and deep canyons in the weaker rocks of the fracture zones, 
and consequent streams flowing down from the Continental Divide ridge more or 
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less at right angles to it. Consequent drainage is possibly an inheritance from a 
residual divide area of a peneplain or rock pediment, but it may be an outcome of 
tilting, faulting, or folding of a former peneplain or rock-pediment surface. 


EROSION SUBCYCLES SUBSEQUENT TO PENEPLANATION 


Five-stage valleys intrench the Fremont or summit peneplain to a maximum depth 
of 3500 feet. A valley-within-valley topography results, a concave stream profile 
rising upstream with gradually increasing gradient to a knickpoint of rejuvenation 
above which upstream a similar profile is repeated. A cross-valley profile has a series 
of rock-cut low-gradient benches above which rise steeper slopes on the outer sides 
and below which on the inner sides are steep slopes to next lower benches. Inter- 
stream ridge profiles of the western range flank are a series of terrace steps. The 
various valley stages, being products of incomplete erosion cycles, will be termed 
subcycles. 

Great terracelike steps, in which the mountains rise from their southwest base 
between Green and Sweetwater rivers, are plainly visible looking northeast from the 
lowest terrace west of New Fork River flood plain on the Pinedale-Yellowstone Park 
road south of the Cora road junction and also near Cora postoffice. From the former 
place the foreground is the broad flood plain of the New Fork with a low terrace. 
remnant to the left, just east of the river. Above is a bench or flat at 7400 to 7600 
feet, another at 7800 to 8000, then an 8500-foot level of Flattop Mountain, the ridges 
flanking New Fork and Willow lakes, well developed still farther north, next the 
9200 to 9300 foot level of Little Flattop Mountain and the ridge between the heads 
of Fremont and Willow lakes and at 9600 feet, 24 miles north of upper New Fork 
Lake, next higher is a very extensive plateau at 10,300 to 10,500 feet, with the highest 
summit ridge of the Continental Divide on the horizon. 

Another view (PI. 4, fig. 2), northeastward from the westernmost outlier of Bighorn 
dolomite just east of the Cora-Green River lakes road, shows the five-stage topog- 
raphy of the western range flank, in the environs of the western thrust scarp. 
There the Fremont peneplain is on the horizon. Next below it, at the extreme left, 
the north shoulder ridge of Gypsum Mountain, beveling upper Paleozoic rocks, is 
the bench of the 10,500-foot subcycle. In the center mesa is the 9500-foot bench, 
to both left and right of which, in part in deep shadow to the left, is the bench sloping 
down to 9000 feet. In heavy timber in the middle distance the 8500-foot flat is 
visible, eroded in the left middle distance by valleys of the erosion substage which 
extends down to the broad Green River valley at 7600-7700 feet. 

Topography of much of the uppermost Green River basin is shown in Plate 1. 
The 8500-foot subcycle extends upstream to the head of Threefork Park (middle, 
Pl. 5, fig. 1), forms a prominent bench at 8475 feet on the east side of lower Green 
River lake, and is even more prominent east of the river between 8300 and 8400 
feet, from 3 miles east of the mouth of Roaring Fork downstream to the middle of 
the Big Bend. The 9000-foot broad valley bench is a hanging valley stage extending 
down to the brink of the inner gorge. It is conspicuous north of the river at the 
base of White Rock (at foot of Paleozoic scarp at left, Pl. 2, fig. 2, and the wooded 
flat, Pl. 3, fig. 1) where it is partly the exhumed mid-Cambrian peneplain. Hanging 
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valleys of the same subcycle occur on Porcupine Creek, above the slide down a 
30-degree dip slope of Phosphoria on Slide Creek (middle, Pl. 3, fig. 2), in the lower 
lake basin on Clear Creek, while on Roaring Fork it extends down to between 8700 
and 8800 feet. The 9500-foot stage is generally obliterated in the steep canyon 
walls but persists in the Granite Lake bench a mile east of Squaretop Mountain, in 
the Slide Lake basin and the now nearly filled lower lake basins on Tourist and 
Pixley creeks. On middle Porcupine Creek it reaches to the base of the flanking 
cliffs. The 10,500-foot subcycle is found in practically all the uppermost courses 
of the western tributaries of Green River. The flat on the north side of lower Roaring 
Fork canyon in the foreground and middle distance of Figure 2 of Plate 10 shows 
one of its broad flattish-floored valleys, trenched at the right by the 1500-foot deep 
inner canyon. It is the stage of Green River Pass (gap to right of center, Pl. 5, 
fig. 2) between Trail and Pine creeks, with its numerous small glacial ponds; 2 to 3 
miles east Stonehammer and three other lakes farther upstream along Stroud Creek 
are in this stage. 

Longitudinal valley profiles exhibit five stages of erosion on all major streams on 
both sides of the Continental Divide in the northwest half of the range. 

The headwaters basin of Fish Creek, of the Snake-Columbia drainage, is filled 
in part with glacial deposits extending down to 8700 feet altitude. However, the 
four older substages are discernible in places. The 10,500-foot stage at the head 
of the easternmost Fish Creek tributary crosses the gap in the Continental Divide 
into the headwaters of Jakey’s Fork; in Figure 1 of Plate 6 it is between Bow Lake 
and the Divide ridge to the left and has on its bench about 50 small glacial ponds, 
with the gap across the Divide at the left margin. A lower valley stage farther down 
the same tributary descends to 9800 feet. The flatter parts of the Fish-Warm 
Spring creeks divide are probably referable to the 9500-foot stage. The 9000-foot 
stage exists in the headwaters of the westernmost tributaries, on the Fremont Peak 
quadrangle, of Fish and Warm Spring creeks, and the lowest part of the broad low- 
sloping divide between Green River and Fish Creek. The broad open valley stage 
of the Union Pass cycle of Blackwelder (1915) seems more likely a composite of the 
8500- and 9000-foot subcycles, with, in part, drift-filled valleys; beaches of a former 
shallow glacial lake occur in sec. 10, T. 40 N., R. 107 W. The view (PI. 11, fig. 2) 
northwest across Fish Creek basin from the Green River divide has main Fish Creek 
just to right of center; ridges of the middle distance have subdued relief of advanced 
erosion, and the areas without timber have undrained glacial cover. 

The 10,500-foot subcycle, with a longer erosional history, has developed more 
extensively than any subsequent one. Generally it has attained early old age with 
hills rising as high as 1000 feet or more above the valleys, and it is considerably 
modified by glaciation. Blackwelder (1915, p. 198) states that ‘The broad plateau 
remnants at 10,000-10,500 feet east of Pinedale may not be parts of the summit 
peneplain, but rather the result of a later cycle”. This is certainly the case; in fact, 
the lower flat truncating upper Paleozoic rocks shown by him (1915, p. 196, Fig. 14, 
left) is a remnant, at 10,500 feet, of the first subcycle. This earliest subcycle, south- 
east of New Fork River canyon, produces a plateaulike area many miles in extent, 
covered with hundreds of glacial lakes and ponds, its valley heads being sites of the 
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Ficure 2. Sours Pass at Sours Enp or Downs Mountain Rince 
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larger cirques bordering the summit ridge of the range. Generally its gentler valley 
slopes reach the timberline. Its average level descends to about 9500 feet in the 
southwest corner of the Mt. Bonneville quadrangle. A representative view of the 
subcycle northeast of Fremont Lake (Pl. 11, fig. 1) shows the subdued topography 
of its subsummit plateau with the summit ridge on the horizon; Fremont Peak is at 
the right. 

Subcycle multiple-stage valley development was produced, so far as we now can 
conceive, by some combination of the following four factors: local base levels in 
canyons of the three major drainages outside the Wind River Range, changes in 
climate, regional uplift, and localized range uplift. Indications of the last, since 
the beginning of Lower Eocene (Wasatch), are uptilting of Wasatch in both range 
flanks, post-Oligocene faulting of 2000 feet displacement in the Red Desert on the 
south flank (Nace, 1939), and the persistence of the enclosed basin of the Red Desert. 
The coals, carbonaceous strata, lacustrine beds, and flora of the Wasatch, unless the 


plants changed greatly their habitat subsequently, strongly suggest that the moun- 


tain ranges of Wasatch time did not rise sufficiently high above intermontane basins 
to exclude, so much as they do now, moisture-bearing winds. 


PLEISTOCENE GLACIATION 


Relatively little attention has been given to glaciation so that this discussion is to 
be regarded as preliminary. Only two main glacial epochs have been determined, 
though quite possibly older ones exist. The two glaciations have occurred since the 
beginning of the third subcycle because the older moraines cover the surfaces of that 
subcycle. 

The older glacial stage was the more extensive. Its moraines—weil grassed over, 
with pitted plains, naked boulders, and shallow ponds—occur on both sides of the 
Green River Valley in Aspen Ridge (T. 36 N., R. 111 W.) and between New Fork 
Lakes and Black Butte (Ts. 36, 37 N., R. 110 W.) where they spread out across the 
valley for 10 miles east to west, producing probably a local base level on Green River 
below which three stream terraces have been cut. The Green River glacier of this 
older stage was about 50 miles long or twice as long as it was during the later stage. 
The ice reached as low an altitude as about 7700 feet. 

The glacier was about 7 miles wide northwest of the Big Bend of Green River 
where its moraine fills practically the entire basin of Wagon Creek and reaches up 
to just above 9000 feet altitude. To the east it merged with the extensive moraine 
with swamps and ponds in the upper basin of Fish Creek where very probably it was 
augmented by ice flowing from the Continental Divide forming the east margin of 
Fish Creek basin. Possibly the dividing ridge between Fish Creek and Green River, 
upon which are scattered possibly glacial boulders, was formed during a receding 
stage of the older glacier. 

A glacial lake between 9800 and 9900 feet on the north side of Little Sheep Moun- 
tain—about 2000 feet above the present channel of Green River—was formed during 
the older glaciation. A large glacial boulder of schistose rock occurs at an altitude 
of more than 10,600 feet on the mountain ridge just north of lower Clear Creek 
and east of lower Green River lake; it is 2600 feet above the lake. A number of 
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large erratics of crystalline rock occur on White Rock about 2500 feet above the level 
of upper Green River lake. They are common at 10,600 feet altitude on top of the 
ridge east of Porcupine Creek and far from the moraine of the later glaciation. 
Glacial boulders occur at 9900 feet altitude on the north spur of Sheep Mountain 
and the north divide of Mill Creek. 

The height to which glacial ice extended in upper Green River Canyon is well 
marked on the canyon walls. Squaretop Mountain exhibits representative condi- 
tions. The uppermost 1000 feet of the cliff is notably steeper than the lower slopes 
and exhibits subvertical fractures. Where the base of the mountain flares out, the 
rock is polished, and horizontal lines, produced by glacial scoring, are quite notable. 
From this it is determined that the ice reached an elevation about 2500 feet above 
the present stream. 

During the last glaciation the ice did not reach as far down Green River as the 
axis of the Big Bend. Two receszional pauses are represented by moraine dams at 
the lower ends of each of the two Green River lakes and by moraines at the lower 
end of New Fork Lakés and the constriction in the lakes. A terminal moraine of 
this glaciation forms the dam of Fremont Lake and reaches to the east end of the 
town of Pinedale where the altitude may be as low as 7200 feet. On the east side 
of the Wind River Range the moraine of the Torrey Creek glacier reached below 
7500 feet, and that of the glacier in the valley of the South Fork of Little Wind River 
down to 6300 feet altitude or lower. The rather inconsequential size of the moraines 
suggests either little debris or brief duration of the later glaciation. Perhaps most 
of the loose weathered rock was transported during the earlier glaciation and in the 
interglacial epoch. 

The broad basin of postmature topography of the first subcycle southwest of the 
Continental Divide and southeast of New Fork River was covered by an ice cap 
where glaciers merged from the high basin rims. Many shallow lakes were formed, 
and much of the weathered mantle was removed by the ice cap, the ice reaching the 
lowlands through the canyons of Lake, Pine, Fremont, and Long Lake creeks. The 
gentler-sloped peneplain flats were little affected by glaciation; here the snow and 
ice had a protecting effect, the slope gradients being insufficient for ice movement. 
Where the steeper-sloping peneplaned surface had been dissected by streams, as 
along the Continental Divide in the Downs Mountain area, there was some glaciation 
of the valleys. Cirque action is notable in the short steep tributary canyons dis- 
secting the rims of the peneplaned surface, but in the later stage glaciers forming 
these cirques were short and of the corrie type, producing relatively small terminal 
moraines. The hanging valleys noted are attributable mainly to steepening of 
stream gradients (“‘knickpoints”) between different erosion cycles. 

The high, steep, and long ridges bounding the basins of New Fork, Willow, Fre- 
mont, Halfmoon, and Boulder lakes may be at least in part veneered with lateral 
moraine deposits; however, the cores of these ridges may be of much older deposits. 
Glacial deposits are more extensive at the foot of the first (10,500 feet) subcycle 
ridge because that surface was extensive from New Fork Lakes southward and had 
its loosened mantle very largely scraped off by glaciers. 

Well-developed cirques are scarce in the Wind River Range, because they are 
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Ficure 1. Faemont Peax-Mount Heven Scarp anp Trrcoms Laxes Rirtr 
North from Island Lake 


Ficure 2. PENEPLAIN AND First Erosion Suscyc_e 
Northeastward from lower Roaring Fork canyon 
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Ficure 1. First Eroston Suscycie lies 
Between Fremont Lake and Fremont Peak 1937 


Figure 2. VaLtey or Tarrp Suscycie AND SuBDUED RupceEs or Seconp, Upper Creex Basin lake 
- Northwest of Green River divide €1 
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unusual in massive rocks like gneiss and granite. Some of the most typical cirquelike 
valley heads known are those of the Grand Canyon of the Colorado, formed not by 
glaciation but perhaps at least in part by nivation. Their occurrence in the Grand 
Canyon makes it likely that the cirques of the Uinta Mountains, Glacier National 
Park, and the Canadian Rockies were developed at least in part by streams. Al- 
ternating layers of resistant and less resistant rock favor cirque formation. There 
are great compound cirque areas, resembling those in the Uinta Mountains, at the 
headwaters of Dinwoody and Bull Lake creeks and Little Wind and Popo Agie 
rivers, all east of the Continental Divide, in places where more of the peneplain 
persists on the intercanyon divides. 

At present 9 glaciers and 3 “glacierettes” are known west of the Continental 
Divide, and 13 glaciers east of the Continental Divide in the Fremont Peak quad- 
rangle. Several more occur farther south down to the Wind River Peak area. The 
largest glaciers are on the east where they do not all face the shaded north, although 
on the west side of the Divide seven out of nine glaciers face north, and the other two 
face south. Probably the glaciers on the east flank are larger because much loose 
snow drifts over the Divide during winter blizzards, the prevailing winds being wester- 
lies as they probably were during the Pleistocene. All west-flank glaciers visited in 
1937 and 1939 were in active retreat, ice frontsbeing separatedfrom terminal moraines - 
by lakes. In 1937 the glacier at the head of Green River (Wells Creek) had two 
marginal lakes on its east side, and the glaciers had withdrawn from their lateral 
moraines. Judging from records of precipitation at Kendall and Pinedale in the 
Upper Green River Basin from 1931 to 1935 there was a marked deficiency of pre- 
cipitation, and the last decade was abnormally hot. 

Snow drifting into depressions where the force of wind is diminished or checked 
explains in part the glaciers west of the Continental Divide. Another factor is that 
the steep valley walls above the ice produce snowslides down onto the ice during all 
seasons. Snowslides are very frequent in late spring and early summer, and the 
soft, powdery, and dry snow of the winter must then frequently slide from the steep 
slopes bounding the sides and heads of the glaciers. . 

Inasmuch as there are no higher mountains westward to the Pacific, except iso- 
lated volcanic peaks, precipitation at altitudes above 10,000 feet in the Wind River 
Range should probably be 40 to 50 inches annually computed as rainfall. However, 
whether the maximum amount is around 10,000 or around 13,000 feet is not known. 
Because a large area in the range has an altitude above 10,000 feet Pleistocene 
glaciers were extensive. Snowfall then as now should have been greater on the west 
or windward side of the range. 

Glacial grooving of Madison limestone on the west shore of lower Green River 
lake is still quite plain, and striae appear fresh on the gneissic rocks along Clear Creek 
between the lower lake and the Natural Bridge. 

Apparently deposition has exceeded erosion in the gentler-gradient stream valleys 
of the Upper Green River Basin and its tributaries since the last great retreat of the 
glaciers upstream from their lowest end moraines, owing to the damming by the 
moraines. Green River and Green River lakes were so named because of the green 
water, produced by fine detritus carried in suspension. The upper lake is probably 
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shallow, storm waves keeping rock flour in suspension. For 4 miles above the head 
of this lake, Green River broadly meanders through a meadow, and a considerable 
delta has filled in the head of the lake. A delta is growing between the two lakes 
supplied with sediment from Porcupine and Clear creeks as well as some sediment 
from the upper lake. Three lakes among Clear Creek operate as settling basins for 
glacial material, the lower lake being clear and blue. Clear Creek now enters the 
outlet stream of the upper Green River lake; when the topographic map was made it 
flowed into the lower lake and did so as late as 1909.. A sandy barrier beach has 
been built by storm waves at the head of the lower lake, and this has advanced 
appreciably with the delta edge during the last 30 years. 

Some of the formerly glaciated narrow, steep-walled, and deep canyons tributary 
to uppermost Green River have their channels choked with great blocks of angular 
debris fallen from the canyon walls; in places the streams flow for considerable 
distances underground through the landslide blocks. Among these Pixley, Tourist, 
and Wells creeks and the creek at the west base of Squaretop Mountain are note- 
worthy. Removal of former ice support of the steeper valley cliffs probably in part 
caused the great talus slopes. 

The basin of lower Clear Creek at the mouth of Slide Creek was formerly a lake. 
The strand line of a former lake in Fish Creek valley is prominent in sec. 10 and vi- 
cinity, T. 40 N., R. 109 W. 

In August 1939 M. W. Beckman and the writer found five new glaciers and three 
“glacierettes.” There is also a “hanging” or “‘corrie” glacier on the south wall of 
Stroud Creek canyon midway between Green River Pass and Mount Warren not 
shown on the Fremont Peak topographc map. Photographs and a map of these 
glaciers have been filed for record with F. E. Matthes, Chairman of the Committee 
on Glaciers of the American Geophysical Union. 


LANDSLIDES 


Noteworthy landsliding in bedded sedimentary rocks down steep dip slopes over 
steepened by cirque undermining occurs on the southeast limb of the Battleship 
Mountain syncline and on the plunging front of the western thrust on the northwest 
slope of Gypsum Mountain; Bighorn, Darby, and Madison rocks have slid down 
unsupported bedding planes. The Flathead sandstone at the south limit of its 
outcrop on the ridge east of Porcupine Creek, dipping down the slope of the ridge, 
is settling toward the valley, blocks having broken loose and slumped, thus forming 
deep trenches and chasms along the fractures. The south side of Battleship Moun- 
tain exhibits a large landslide in the Bighorn dolomite; the easily removed soft 
Cambrian shales in part flowed out from beneath under the pressure exerted by 
overlying Bighorn, Darby, and Madison rocks. Likewise landslides occur in the 
steep heads of valleys excavated in strongly shattered fault zones as well as alongside 
walls of such valleys. 


UNDERGROUND SOLUTION 


Natural bridges, sinkholes, and underground channels are fairly common in this 
range where Bighorn or Madison carbonate strata underlie valleys. The Natural 
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Bridge on lower Clear Creek is one instance, as are a number of lakes with under- 
ground outlets in the Battleship and Gypsum mountain areas. Two of these lakes 
in the Battleship Mountain syncline are not mapped on the topographic sheet. 


TERRACES OF GREEN RIVER VALLEY 


The numerous terraces in Green River valley need much more study. They begin 
upstream at the mouth of Clear Creek and extend up to 9000 feet altitude—that is, 
to the level of the third subcycle of erosion and to the beginning of the older of the 
known glacial stages. Some of these terraces are rock-cut, others are in part lateral 
moraines, and still others are fluvioglacial, interglacial, and postglacial, both deposi- 
tional and erosional. They are extensively developed in the valleys of the New Fork, 
East Fork, and other tributaries of Green River. 

Three rock-cut terraces occur east of lower Green River lake, the highest at 8650 
feet altitude, the second at 8475 feet, which is the most prominent above the mouth 
of the Roaring Fork, and the lowest at 8300 feet. Roaring Fork valley is ponded for 
3 miles upstream from the top of the 8650-foot terrace. The 8300-foot terrace is 
very prominent for 6 miles both above and below the mouth of Roaring Fork. 

At least nine terraces are discernible on the north wall of Green River valley 
between the mouth of Roaring Fork and the Big Bend. Some of these appear to be 
lateral moraine ridges, more extensive on the north wall because of stronger ice 
movement toward that wall around the convex side of the bend. The 8300-foot 
ridge and perhaps some of the others appear to be the tops of hogback ridges of more 
resistant Mesozoic strata; glacial ponds and lakes occur in the strike valley at the 
north base of the 8300-foot ridge. Stream incision of the terminal and recessional 
moraines of the last glaciation is not greater than 100 feet. 

Resistant Phosphoria strata at the warm springs (Old Kendall) have produced a 
local base level at 7700 feet on Green River above the rapids at that point. East 
of the river is a terrace 200 feet above this level. Downstream from the rapids is 
a prominent terrace 50 feet above the river and also mounds of a higher terrace. 

At the mouth of Gypsum Creek is a terrace 50 feet above the river, another 75 
feet above, and a prominent bench at 8200 feet. A broad terrace occurs at 8000 
feet on the west side of Green River north of Black Butte, and a bench at 7800-7900 
feet on the west side of the butte makes the divide on the road at the east foot of the 
butte. 

In the 7700-foot terrace on the west side of New Fork valley north of Cora are 
many boulders of varicolored quartzite, of an unknown source. 

Three terracelike benches on the sides of the ridge bound New Fork Lakes on the 
north. These slope downstream until their level merges with end moraines, one 
downstream from the lakes, one recessional terminal moraine forming the dam for 
the lower lake, and the other the marked constriction between the two lakes. Such 
benches, supposedly tops of lateral moraines, are found on the ridges above Fremont 
and Boulder lakes. 

Series of terraces, developed on the Cenozoic deposits along East Fork River east 
of Boulder, also flank on the southwest the crystalline ridge forming the north rim 
of the Cenozoic basin at the head of Sweetwater River. 
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; There are several stream terraces in Green River Basin belonging to lower sub- 
i cycles, but they are outside the mountain area proper. Perhaps they can be corre. 
i lated with the three main retreat stages of the most recent glacial epoch. A lower 


subcycle occurs in the Wind River Basin on lower Torrey Creek and the South Fork 
8 of Little Wind River beginning at an upper altitude of 7500 feet. This is not shown 
on upper Green River, which flows above that level; the channel of Wind River is 
| 1000 feet lower. Rapids extend down Green River from the Lower Green River 
. Lake to the Big Bend, which is the farthest extent of the moraine of the last glacia- 
: tion. Below this the river meanders in a flood plain as far as the lowest termina] 
i moraine of the older glaciation in T. 36 N., R. 111 W. (just south of Black Butte), 
; In the vicinity of Daniel postoffice (northeast quadrant, Big Piney quadrangle) the 
i wide valley of Green River, there bending abruptly from a south to an east course, 
has a number of stream distributaries and one fairly large swamp, the valley ranging 
in altitude from 7150 feet downstream to 7400 feet upstream. Unless there is a more 
resistant rock barrier downstream valley filling may be caused by overloading by 
glacial deposits though, conceivably, both causes operate. 
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